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IN A HIGH DESERT OREGON STREAM
 
CHAPTER 1
 
Introduction
 
The loss of fish diversity in freshwater environments is
 
alarming.  At least 3 genera, 27 species, and 13 subspecies of fish
 
became extinct in North America during the past 100 years (Miller et
 
al. 1989) and 364 fish species or subspecies warrant protection
 
because of their rarity (Williams et al. 1989).  In addition, at least
 
106 major populations of salmon and steelhead have gone extinct on the
 
West Coast and 214 naturally-spawning stocks of pacific salmon,
 
steelhead, and sea-run cutthroat from California, Oregon, Idaho, and
 
Washington are at high or moderate risk of extinction, or of special
 
concern (Nehlsen et al. 1991).  Stream fish assemblages in North
 
America have changed substantially during the past century (Li et al
 
1987, Cross and Moss 1987, Pflieger and Grace 1987).  Whole ecosystems
 
are thought to be degraded because of the high numbers of species in
 
danger of extinction  (Williams et al. 1985, 1989, Hughes and Noss
 
1992).
 
Resource managers must begin to change management focus from
 
single species to higher levels of ecological organization such as
 
assemblages and ecosystems (Slocombe 1993) to slow the rate of
 
diversity loss.  In order to properly manage fish assemblages in
 
streams, managers need to understand the mechanisms that organize
 
these assemblages.
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Considerable controversy exists about how fish assemblages are
 
organized (Grossman et al 1982, Herbold 1984, Rahel et al. 1984, Yant
 
et al. 1984, Grossman et al 1985, Grossman et al. 1990).  One view is
 
that fish assemblages in streams are stable entities that exist in
 
discrete channel units (eg. pools and riffles, sensu Bisson et al.
 
1982, Frissell et al. 1986, Hawkins et al. 1993) with little mixing of
 
fishes between channel units (Gerking 1950, 1953, 1959).  This
 
traditional view which emphasized the role of competition was
 
challenged in the 1980's (Grossman et al. 1982).  Grossman et al.
 
(1982) claimed that stream fish assemblages are stochastically
 
regulated and density dependent factors such as competition and
 
predation are relatively unimportant compared to environmental
 
variability.  Others claimed that assemblages are deterministic and
 
factors such as competition and predation may be important (reviewed
 
by Grossman et al 1990).  Still others claim that both environmental
 
stochasticity and competition and predation are important in
 
structuring assemblages (Ross et al. 1985, Schlosser 1982, 1987b).
 
Most of these conclusions have been based on data collected from short
 
stream reaches that have been sampled repeatedly over a long time
 
period (eg. 10 years).  Although assemblage stability can be
 
documented by repeated sampling of stream reaches (providing criteria
 
outlined by Connell and Sousa (1983) are followed), other methods are
 
needed to determine the specific factors (predation, competition,
 
etc.) responsible for presumed stability or instability.
 
Three primary methods have been used to determine the factors
 
responsible for assemblage organization, however the most rigorous
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method has rarely been used.  Much of what is known about fish
 
assemblages has been derived from correlative field studies and
 
laboratory studies (Heins and Matthews 1987).  In contrast very few
 
controlled field experiments have been conducted on fish assemblages
 
as evidenced by the paucity of studies included in reviews of
 
competition (Schoener 1983) and predation (Sih et al. 1985).  Results
 
from correlative field studies and laboratory studies suggest that
 
disturbance, physical variability, habitat complexity, recolonization
 
dynamics, competition, and predation are important factors influencing
 
assemblage organization (Heins and Matthews 1987, Bayley and Li 1993).
 
Despite the presumed importance of the aforementioned factors
 
few studies have demonstrated the interaction of these factors,
 
specifically the interaction between 1) flooding and habitat
 
complexity, 2) recolonization dynamics and habitat complexity, and 3)
 
seasonal fish migration and predation.  Many studies have shown that
 
floods can alter both assemblage structure and abundance of fishes in
 
stream reaches (Harrell 1978, Ross et al. 1985, Matthews 1986, Meffe
 
and Minckley 1987, Fausch and Bramblett 1991, Lamberti et al. 1991).
 
In addition it has been suggested that certain channel units (e.g.,
 
deep pools with permanent structures) and stream reaches (e.g. broad,
 
unconstrained reaches) may serve as refugia during or after floods
 
(Tschaplinski and Hartman 1983, Matthews 1986, Hill and Grossman 1987,
 
Meffe and Minckley 1987, McMahon and Hartman 1989, Fausch and
 
Bramblett 1991, Lamberti et al. 1991).  Following floods or
 
predictably harsh physical conditions, fish may colonize habitats
 
according to its suitability (sensu Fretwell 1972).
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Habitat complexity and predation are believed to be important
 
factors influencing assemblage structure and may affect which habitats
 
fishes colonize.  Stream fish diversity was positively correlated to
 
habitat complexity in many streams across North and Central America
 
(Gorman and Karr 1978; Schlosser 1982; Angermeier and Karr 1984;
 
Angermeier and Schlosser 1989).  The biomass of nonpiscivorous fish
 
was lower in sites with piscivores than without them in southern
 
Ontario streams (Bowlby and Roff 1986).  Many species of stream fish
 
avoid predators (Fraser et al 1987; Matthews et al. 1987; Schlosser
 
1987a; 1988; Brown and Moyle 1991).
 
Many of the factors that are believed to be influential in
 
organizing fish assemblages in small warmwater streams of the
 
Midwestern United States have been incorporated into a model
 
(Schlosser 1987b).  This model predicts that fish density and species
 
diversity can be viewed along a gradient of habitat complexity and
 
pool development.  In areas with poorly developed pools and low
 
habitat complexity, harsh winter conditions, recolonization dynamics,
 
and competition are predicted to be the most important factors
 
affecting assemblage structure.  However, in areas with well developed
 
pools and high habitat complexity, competition and predation are the
 
dominant factors affecting assemblage structure.  Although the
 
relationships between the physical factors and fish assemblage
 
structure are "reasonably well supported" by field data, the
 
importance of biological interactions in the model were largely
 
"guided speculations" (Schlosser 1987b).  It is uncertain whether this
 
model will apply to different geographic regions, such as high desert
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streams, that have different fish assemblages and ecological
 
conditions.
 
Fish assemblages in high desert streams provide excellent
 
opportunities to investigate processes affecting assemblage structure
 
in seasonally fluctuating environments (Fretwell 1972).  Flow regimes
 
are often sporadic in desert streams (Minckley and Meffe 1987, Poff
 
and Ward 1989).  Cold temperatures in winter can cause small streams
 
to freeze as well as increase scour in streams from anchor ice or ice
 
jams.  In addition, high discharges in the spring may flush fish that
 
survive harsh winter conditions out of streams.
 
I chose to study some of the prominent factors that influence the
 
assemblage structure of fish in a high desert Oregon stream.  I
 
focussed most of my attention on Rock Creek, which is located in the
 
John Day Basin (Figure 1).  Environmental conditions in Rock Creek are
 
harsh during the winter and spring because of high discharges and cold
 
temperatures.  Peak stream discharges occur in late winter to early
 
spring during snow melt.  Low water discharge typically occurs in late
 
summer, punctuated by floods following thunderstorms.  Cold water
 
temperatures in the fall and winter cause anchor ice and ice on the
 
water surface to form.  Environmental conditions during the summer are
 
generally good for many species of fish.
 
I studied seasonal migration of fish, disturbance (flooding),
 
habitat complexity, and predation, because they are believed to be
 
important in structuring assemblages.  These factors have yet to be
 
integrated in a model of how high desert fish assemblages are formed
 
and maintained.  Models developed to explain variation in fish
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assemblage structure in other stream systems may not apply to high
 
desert streams.  The main focus of my study was to examine the pattern
 
of seasonal assemblage formation and the different factors that
 
affected it.  I begin by examining the interaction between floods that
 
occur at different times, habitat complexity, and assemblage
 
resistance and resilience (chapter 2).  Following the reduction in
 
fish densities from summer and spring floods, I examined assemblage
 
formation in simple and complex habitats (chapter 3).  Approximately
 
one year after spring floods, I studied the role of predation in
 
affecting colonization patterns and shifts in assemblage structure
 
through time (chapter 4).  Major findings from each of the chapters
 
are integrated into a suite of models that explain the temporal and
 
spatial variation in fish assemblages in Rock Creek.
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CHAPTER 2
 
INFLUENCE OF HABITAT COMPLEXITY ON RESISTANCE TO FLOODING AND
 
RESILIENCE OF STREAM FISH ASSEMBLAGES
 
Abstract
 
The structure of fish assemblages in five stream reaches of a
 
high desert stream in north-central Oregon was determined by
 
snorkeling before and after a summer flash flood and two spring
 
floods.  One reach in each of two different streams that were
 
unaffected by the first flood was used as a reference system.  Habitat
 
complexity varied in stream reaches as measured by hydraulic
 
retention.  Following the floods, hydraulically complex stream reaches
 
lost proportionately fewer fish, had generally higher fish
 
diversities, and had higher fish assemblage similarity than in
 
hydraulically simple stream reaches.  Fish assemblages were resilient,
 
and certain species such as speckled dace, Rhinichthvs osculus, were
 
exceptionally good at recolonizing disturbed habitats.  Successful
 
recruitment of different fish species depended, in part, on flood
 
timing.  Young-of-the-year of fishes that spawn in early spring (e.g.,
 
rainbow trout, (Oncorhvnchus mvkiss) were more negatively affected by
 
early spring floods than summer floods.  Species that spawn later in
 
the season (e.g., cyprinids and catostomids) were more negatively
 
affected by summer flooding.  Higher fish diversities in hydraulically
 
complex reaches (lower disturbance intensity) after floods support
 
predictions of the intermediate disturbance hypothesis and suggests
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that fish assemblage resistance may be related to overall habitat
 
complexity in these small streams.
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Introduction
 
Flooding is one of the most important abiotic factors that
 
structure biotic assemblages in streams (Resh et al. 1988).  Many
 
studies have shown that floods can alter both assemblage structure and
 
abundance of fishes in stream reaches (Harrell 1978; Ross et al. 1985;
 
Matthews 1986; Meffe and Minckley 1987; Lamberti et al. 1991; Fausch
 
and Bramblett 1991).  Vulnerability of different species or age
 
classes of a species vary considerably to flooding (Harrell 1978).
 
For example, in an Arizona desert stream, the native Gila topminnow,
 
Poeciliopsis occidentalis survived floods better than the exotic
 
mosquitofish, Gambusia affinis (Meffe 1984; Minckley and Meffe 1987).
 
Benthic species such as sculpins (Cottidae), are vulnerable to
 
crushing by bedload movement during spates and high flushing flows
 
(Erman et al. 1988).  Young-of-the-year (YOY) fishes may be
 
particularly vulnerable to floods because of their poor swimming
 
ability and small size (Harvey 1987).  For example, YOY and eggs of
 
trouts are affected more strongly by floods than are adults (Seegrist
 
and Gard 1972; Hanson and Waters 1974).
 
Two components of species assemblage stability are resistance,
 
the ability to resist change during a disturbance, and resilience, the
 
ability of an assemblage to return to its predisturbance structure
 
after a disturbance (Connell and Sousa 1983).  In streams, physically
 
complex habitats may be more stable (biotically structured) than
 
simple habitats (abiotically structured) (Schlosser 1987).  Certain
 
channel units, (e.g., deep pools with permanent structures) and stream
 
reaches, (e.g., broad, unconstrained reaches) may serve as refugia
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during or after floods (Tschaplinski and Hartman 1983; Matthews 1986;
 
Meffe and Minckley 1987; Hill and Grossman 1987; McMahon and Hartman
 
1989; Townsend 1989; Lamberti et al. 1991; Fausch and Bramblett 1991).
 
Channel units are defined as pools, riffles, or runs with lengths
 
greater than the average channel width, and stream reaches are a
 
series of connected channel units (Frissell et al. 1986; Gregory et
 
al. 1991).
 
Habitat complexity can be defined as the diversity of different
 
habitat types available to fishes and has been measured in a variety
 
of different ways.  The most common method is to compute a Shannon-

Weaver diversity index for different categories of depth, current
 
velocity, and substrate type (Gorman and Karr 1978; Schlosser 1982;
 
Angermeier and Schlosser 1989).  Fausch and Bramblett (1991) defined
 
complex pools as those >1 m deep, containing coarse substrate (>64 mm
 
diameter), and cover from vegetation or undercut banks.  In areas with
 
dense forests the amount and configuration of large woody debris has
 
been used to measure habitat complexity (Tschaplinski and Hartman
 
1983).  Conducting dye releases in 100 m reaches, Kaufmann (1987)
 
found that hydraulic resistance and transient hydraulic storage were
 
significantly correlated with measures of pool volume, channel
 
morphometric variability, and volume of woody debris.  Lamberti et al.
 
(1989) also found that hydraulic retention was positively related to
 
habitat complexity.
 
On 13 August 1988, 26 April 1989, and 10 May 1989, floods
 
occurred in isolated areas of an eastern Oregon drainage.  These
 
floods were among the largest that had been observed during the past
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decade by local residents.  Quantitative measures of flood frequency
 
and magnitude in the study streams were unavailable.  Before and after
 
the floods, fishes were inventoried in reaches of varying habitat
 
complexity.  Habitat complexity was measured by hydraulic retention.
 
We sought to answer whether habitat complexity and time of flooding
 
affect the resistance and resilience of stream fish assemblages to
 
flash floods.
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Methods
 
Site description
 
The John Day Basin in the high desert of north-central Oregon
 
(Figure 1) is the fourth largest drainage in Oregon (21,072 km2).  It
 
also is one of 42 free-flowing rivers greater than 200 km in length in
 
the contiguous United States (Benke 1990).  Peak stream discharges
 
occur in late winter to early spring during snow melt.  Low water
 
discharge typically is in late summer, punctuated by floods following
 
thunderstorms.
 
Streams in the John Day Basin were clustered according to their
 
physical attributes so that physically similar streams could be
 
compared (Li et al. unpublished data).  Physical data on streams in
 
the basin were taken from maps and examined by an agglomerative
 
clustering procedure (Gauch 1982).  Three streams were chosen for the
 
present study because of their high physical similarity.  Five stream
 
reaches (RC1-RC5) of about 150 m length in Rock Creek and one each in
 
Fields (FC1) and Murderers creeks (MC1) were sampled (Table 1)
 
Thirteen fish species inhabited the study streams (Table 2).
 
The rainbow trout, chinook salmon, mountain whitefish, mountain
 
sucker, and torrent and paiute sculpin are considered temperate
 
stenotherms; the longnose dace and bridgelip sucker are temperate
 
mesotherms; and the chiselmouth, speckled dace, northern squawfish,
 
redside shiner, and largescale sucker are temperate eurytherms (Li et
 
al. 1987).  In Rock Creek, adult rainbow trout lay eggs in gravels
 
during April and young emerge from the gravels about 6 to 8 weeks
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later (Wydoski and Whitney, 1979).  The remaining species (except the
 
mountain whitefish) spawn later in spring and summer and usually hatch
 
in two weeks or less (Wydoski and Whitney, 1979).  Rainbow trout
 
inhabit mid-water and feed on drifting invertebrates; sculpins and
 
longnose dace are benthic, inhabiting substrate interstices, and
 
feeding primarily on benthic invertebrates; the suckers are benthic
 
herbivores or omnivores; the chiselmouth is also omnivorous but
 
occupies the water column; the speckled dace is a benthic insectivore
 
that occupies the lower water column and streambed; the redside shiner
 
and northern squawfish are midwater insectivores, with the latter
 
becoming increasingly piscivorous when reaching 240 mm total length
 
(Li et al. 1987).
 
The floods
 
On 13 August 1988, at 1700-1730 a severe thunderstorm in the
 
Rock Creek drainage yielded 4.6 cm of water from melted hail (T.
 
Fremd, United States Park Service, personal communication).  Water
 
levels rose quickly above the active channel, washed large amounts of
 
sediment (silt to large boulders) into the stream, destroyed small
 
bridges, and blocked roads with debris.  Water levels increased 5-10
 
times within minutes (T. Fremd, United States Park Service, personal
 
communication).  Two days later discharge in Rock Creek had returned
 
to near normal levels.  Fields Creek and Murderers Creek did not
 
experience such flooding.  The next spring, higher-than-normal rain
 
showers triggered a series of even larger floods on 26 April and 10
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May of 1989 in all study streams (Ron Gaither, local resident,
 
personal communication).
 
We snorkelled to count fishes by species and size-class (adult,
 
juvenile, YOY) in channel units representative of the stream reach
 
once during each sampling period 13 July - 13 August 1988 (before the
 
flash flood), 1-25 September 1988 (after the flash flood), 6-10 June
 
1989 (after spring floods), and 27 July - 4 August 1989.  For example,
 
pool channel units were snorkelled in stream reaches dominated by pool
 
channel units (RC5) and riffles and runs in stream reaches dominated
 
by riffles and runs (RC2).  Three to 15 channel units representative
 
of the stream reach were inventoried in each reach.  Two divers
 
entered the downstream end of a channel unit and snorkelled upstream
 
in lanes counting fishes and recording numbers on white plexiglass
 
slates.  Snorkelling was conducted between 1000-1600.  In three of the
 
Rock Creek reaches, we snorkelled the same channel units twice to
 
determine precision of our snorkelling technique.  Precision was
 
estimated by subtracting the number of fish counted in the first and
 
second snorkelling passes and dividing that number by the number of
 
fish counted on the first pass.
 
Water volumes snorkelled were calculated by multiplying the
 
length, average width, and average depth of the channel unit sampled.
 
One to five transect(s), depending upon the channel units size and
 
degree of homogeneity, were taken perpendicular to stream flow.
 
Depths were taken at meter intervals along the transect, and widths at
 
the wetted edges.
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Fish assemblages were compared between two; among-three or more
 
dates and among reaches by species and ecological species diversity
 
(H'; Shannon and Weaver 1949), evenness (Pielou's J; Peet 1974),
 
species richness, and total fish density.  Ecological species were
 
defined as subsets of the species that were judged ecologically and
 
morphologically different (Polis 1984; Gorman 1988).  Individuals
 
within each species were assigned to one of three possible ecological
 
species - adult, juvenile, or YOY (Table 2) based on size ranges from
 
the literature (Wydoski and Whitney 1979; Moyle 1976; Sigler and
 
Sigler 1987).  We believe that the use of ecological species
 
categories is an important addition to the analysis by taxonomic
 
species alone.  For instance, the ecological consequences of losing
 
adults of a species is quite different from losing YOY, and the
 
susceptibility of adults or YOY to flooding may be quite different.
 
All variables described above were calculated based on fish/m 3 as
 
determined from field inventories.  A similarity index (SIMI)
 
(McIntire and Moore 1977) was used to compare fish assemblages by
 
reach before floods to those present after floods.
 
S
 
Eaikbi 
i=1 
SIMI(a,b)=
 
S S
p2a01/2  p2bi)1/2 
i=i  i=1 
"Psi and Pbi are the proportions of individuals represented by the i­
th taxon in assemblages a and b respectively; and S is the total
 
number of taxa in the assemblages" (McIntire and Moore 1977).  The
 
SIMI ranges from 0 to 1, with 1 being complete assemblage similarity
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and 0 being complete assemblage dissimilarity.  A similarity index was
 
chosen instead of a rank correlation statistic because of the small
 
number of species in the study reaches and thus a high probability of
 
accepting the null hypothesis when it was false, and SIMI uses density
 
as opposed to ranks as input variables.
 
Measurements of habitat complexity
 
We used the fluorescent dye rhodamine-WT (Replogle et al. 1976)
 
to measure hydraulic retention.  A known amount of dye was mixed into
 
15 L of water and released at a constant rate into a turbulent area of
 
the stream with a steady-head dripper system.  By visual observation,
 
dye usually mixed completely with stream water within 10 m of the
 
release point.  A field fluorometer was used to monitor dye
 
concentration at 100 m (in 1988) or 150 m (in 1989) downstream of the
 
release point.  Dye was released until an equilibrium level was
 
reached (i.e., all water within the reach was equally labeled).  Dye
 
release was then halted and concentration was monitored with the
 
fluorometer until less than 2% of equilibrium concentrations remained
 
within the reach.  Using this dye-decay curve, movement of the water
 
mass out of the reach can be described by a negative exponential model
 
Ct = Co e-ICI;
 
where Co  the equilibrium dye concentration in the reach, Ct is the
 
dye concentration in the reach after some time interval t, and k is
 
the instantaneous rate of dye decay (or instantaneous retention rate),
 
and l/k is the time that the "average" water molecule spends within
 
the reach (Newbold et al. 1981).
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Using the dye accumulation and evacuation curves 50% travel time
 
(time required for the reach to evacuate 50% of its water mass as
 
determined from dye decay) and 95% travel time (time required for the
 
reach to evacuate 95% of its water mass) also were derived.  Discharge
 
within the reach also was determined with the dye dilution method
 
(Replogle et al. 1976).
 
Dye releases were conducted from 31 August - 2 September 1988 for
 
100 m each of four Rock Creek sites (RC1, RC2, RC3A, and RC4),
 
Murderers Creek (MC1), and Fields Creek (FC1).  The dye release in
 
RC3A was not in the same area as the fish inventory.  From 1-3 August,
 
1989, dye releases were repeated in all the above Rock Creek sites
 
except the dye release in RC3 (RC3B) was in the same area as the fish
 
inventory, and RC5 was added, but MC1 and FC1 were not done.  Dye
 
releases were extended to 150 m in 1989 to encompass a larger
 
proportion of the study reach.
 
Pearson's r was used to determine the relationship between
 
hydraulic retention (50% and 95% travel time) and the absolute value
 
of the change in fish density before and after the first flood.
 
Proportions were arcsin transformed to normalize the data.
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Results
 
Retention
 
Relative patterns of dye retention were similar between years in
 
Rock Creek reaches (Table 3).  Reaches RC1, RC3, and RC5 were the most
 
hydraulically retentive during 1989, and RC1 during 1988, as measured
 
by 50% and 95% travel times.  Hydraulic retention was lowest in both
 
years in RC2 and RC4.  Hydraulic retention in RC3 was not comparable
 
between years because the dye releases were conducted in different
 
reaches.
 
Variation in retention within Rock Creek reaches within a year
 
was likely not affected by the small intra-year differences in
 
discharge, but inter-year differences corresponded to changes in
 
discharge (Table 3).  Rock Creek discharge in August 1988 was over
 
double the discharge in August 1989.  Unretentive reaches (RC2 and
 
RC4) had lower retention during 1988 than 1989, but the retentive
 
reach (RC1) had lower retention during 1989 than 1988.  Rock Creek
 
three was not comparable between years because hydraulic retention was
 
measured in two different reaches.  The 1989 retention data was used
 
in subsequent analyses because it incorporated a larger portion of the
 
study reach, it included the correct site within the RC3 reach, and it
 
included RC5.
 
The reference reaches in Murderers Creek and Fields Creek were
 
more hydraulically retentive than any of the Rock Creek reaches (Table
 
3).  This may be explained in part by the lower discharge,  gradient,
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and water velocity of the reference sites, which in combination
 
increase retention.
 
Fish response
 
The greatest change in total fish densities during the August
 
1988 flood were in hydraulically unretentive stream reaches (Table 4,
 
95% travel time; r=-0.87, N=5, P=0.05).  Change in adult fish
 
densities corresponded to hydraulic retention (Table 4, 50% travel
 
time; r=-0.95, N=5, P=.01), although correlations between retention
 
and changes in juvenile and YOY densities were not statistically
 
significant.  With the exception of RC3, all fish densities in the
 
Rock Creek stream reaches examined declined after the August 1988
 
flood.  The increase in fish density in RC3 was largely due to a
 
redistribution of speckled dace following the flood (Table 5).  Over
 
the same time period fish densities increased in the reference
 
reaches, so changes in fish densities in Rock Creek were attributed to
 
the flood (Table 4).  Precision of snorkeling estimates for total fish
 
densities were -9.0, -0.3, and +6.6% for RC1, RC2, and RC4,
 
respectively.  In June 1989, fish densities in all stream reaches were
 
far below the 1988 pre-flood densities, ranging from 2-67% of the July
 
1988 densities.  Because of possible winter mortality or emigration it
 
is difficult to know how many fish were lost in each stream reach as a
 
result of the spring 1989 floods.  However, recolonization of the
 
stream reaches was rapid and by August 1989 fish densities were close
 
to or above those measured before the floods in July, 1988.
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Fish species differed in their response to flooding and in their
 
ability to recolonize habitats following flooding (Table 5).  Compared
 
to other species, the speckled dace was the best at recolonization
 
after habitats were disturbed, often returning to densities higher
 
(August 1989) than predisturbance levels.  Rainbow trout and bridgelip
 
sucker were the less effective recolonizers after flood disturbance.
 
Following all floods (August 1989), the rainbow trout and bridgelip
 
sucker occasionally exceeded predisturbance levels but most often
 
either failed to recolonize some reaches or failed to recolonize
 
stream reaches to predisturbance levels.  Longnose dace were rare and
 
were found in only three reaches before the first flood.  After the
 
first flood, longnose dace were found in only one reach through August
 
of 1989.
 
Survival of YOY fishes seemed to be related to timing of adult
 
spawning and flooding.  Young-of-the-year fishes of late spring to
 
early summer spawning fish were more abundant in August 1989 than in
 
August 1988 in all Rock Creek sites, whereas YOY rainbow trout (early
 
spring spawner) decreased in three out of four of the Rock Creek
 
reaches that contained YOY rainbow trout (Table 5).  During the same
 
time period, YOY of species that spawn in late spring to early summer
 
decreased in reference reaches, and YOY rainbow trout decreased in
 
Fields Creek but increased in Murderers Creek.
 
Species diversity was generally higher in hydraulically
 
retentive than in unretentive stream reaches after flooding (Table 6).
 
Rock Creek five and RC1 had the highest diversity in Rock Creek in
 
August of 1988 and 1989.  Diversity in RC5 and RC1 increased following
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the first flood, as did that of the reference reaches.  Rock Creek
 
three was the only exception to this pattern, which is probably the
 
result of addition of the already common speckled dace and the loss of
 
four rare species (many represented by only one individual).  After
 
the floods (August 1989), diversity decreased from 1988 levels in all
 
reaches except for the reference reaches.  There were no clear
 
patterns observed for species evenness and richness.  Ecological
 
species diversity was highest in retentive habitats after the flood
 
(Table 6).  Ecological species diversity declined in RC4, RC3, and RC2
 
and increased slightly in RC5 and RC1 after the flood.
 
Assemblage similarity was quite high for all stream reaches
 
across all sampling periods when compared to pre-flood assemblages,
 
but was highest in hydraulically retentive reaches (Table 6).
 
Following the first flood, RC5 and RC3 were most similar to
 
corresponding preflood assemblages, and in August 1989, RC5, RC3, and
 
RC1 were most similar to July 1988 assemblages.  High SIMI values for
 
RC4 may be the result of low densities of YOY which are typically
 
quite variable, and the presence of a high proportion of species that
 
are good colonizers (Table 5).  Assemblages in RC2 were consistently
 
the least similar to predisturbance assemblages.  Among the reference
 
reaches, Fields Creek had a nearly identical fish assemblage
 
throughout the study period (SIMI>0.99).  The relatively low SIMI
 
value (following the first flood) for Murderers Creek was largely a
 
result of immigration of redside shiner and northern squawfish, and a
 
corresponding emigration or mortality of. speckled dace.
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Discussion
 
Retention as a Measure of Habitat Complexity
 
Dye retention was measured during summer base flow but we believe
 
that the relative differences between reaches was as great or greater
 
during the floods.  As discharge increases in complex reaches the dead
 
zone fraction (a measure of hydraulic retention) increases, but in
 
simple reaches the dead zone fraction decreases (Kaufmann 1987).  This
 
means that complex reaches become absolutely and relatively more
 
complex than simple reaches as discharge increases.  Our data support
 
the above theory (Appendix 1).  Retention in RC2 and RC4 (simple
 
reaches) was less, but RC1 (complex reach) was higher during the high
 
discharge summer than the low discharge summer (Table 3).
 
Flood Affects on Stream Fishes
 
Compared to other organisms, temperate stream fishes live in
 
environments characterized by high physical stress (Schoener 1987;
 
Townsend 1989).  Among temperate lotic ecosystems, desert streams are
 
probably among the most physically unpredictable (Fisher 1982; Meffe
 
and Minckley 1987; Poff and Ward 1989).
 
Because of the high level of disturbance in desert streams, the
 
intermediate disturbance hypothesis (Connell 1978) predicts that fish
 
diversity should be low and that any reduction in the frequency or
 
intensity, or an increase in predictability (Resh et al. 1988) of
 
disturbance increases diversity.  Horwitz (1978) found that species
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diversity was lowest in stream sections with the most discharge
 
variability.  In addition, increases in diversity downstream were
 
greatest in streams with the greatest reduction in discharge
 
variability downstream.  Although flash floods may affect the entire
 
stream, particular habitat types within the stream may be affected
 
differentially because flood intensity should be lower in complex than
 
in simple stream reaches due to dissipation of the power of high
 
discharges by increased hydraulic roughness.  Thus, species diversity
 
after a flood should be higher in complex than in simple reaches.
 
In this study, flood effects were most profound in simple stream
 
reaches, as demonstrated by the higher proportion of retained fishes
 
in complex and reference reaches during the August 1988 flood.  After
 
the flood, species and ecological species diversity was generally
 
higher in complex than in simple stream reaches.  The low species
 
diversity for one complex site (RC3) after the flood was from loss of
 
several rare species and the addition of speckled dace.
 
Community stability has been a hotly debated topic amongst
 
ecologists (Schoener 1987).  Two components of community stability are
 
resistance and resilience to disturbance (Connell and Sousa 1983).
 
Fish assemblages in complex stream reaches were more resistant to the
 
August 1988 flood and more resilient after the spring floods than fish
 
assemblages in simple stream reaches.  Similarities in assemblages
 
before and after the August flood were generally higher among complex
 
habitats than among simple habitats.  Following fall emigration and a
 
series of spring floods (August 1989), fish assemblages in complex
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habitats were most similar to assemblages in the same stream reach
 
prior to summer and spring floods.
 
The timing of flooding can determine community structure through
 
effects on recruitment success and subsequent age-class structure.
 
Species that minimize exposure of vulnerable life history stages to
 
disturbance increase the probability of recruitment success (Seegrist
 
and Gard 1972).  Summer floods are detrimental to cyprinids and
 
catostomids that spawn during the late spring and summer.  Recruitment
 
of the most abundant salmonid present in this study (rainbow trout) is
 
most affected by flooding during the early spring when the eggs are
 
still in the gravel.
 
Fishes inhabiting the interstitial spaces of the substrate may
 
be more vulnerable to floods than watercolumn species.  Erman et al.
 
(1988) found that floods inflict high mortality on fishes that live in
 
interstitial spaces of the streambed sediments.  He proposed that
 
during high flows, bedload movement crushed fishes that live in the
 
substrate.  We suspect that the high frequency of flood events and the
 
slow recolonization abilities are responsible for the low density of
 
fishes that occupy interstitial spaces in the substrate (e.g.,
 
sculpins and longnose dace) in Rock Creek.  Furthermore, the August
 
1988 flood filled many of the interstitial spaces with silt and
 
perhaps forced many surviving sculpins to the top of the silt where
 
they became more conspicuous to predators.
 
Streams that are dominated by floods should have fish species
 
that are adept at recolonizing, that minimize exposure of vulnerable
 
life history stages, and that occupy safe microhabitats during floods.
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Although the rainbow trout and bridgelip sucker recolonized habitats
 
well, the speckled dace was especially effective at recolonization.
 
After multiple floods during a one year period, densities of speckled
 
dace increased to densities that equalled or surpassed densities
 
before the floods.  During all sampling periods, the speckled dace was
 
the dominant or co-dominant fish species in each Rock Creek reach.
 
Speckled dace were highly vulnerable to floods in simple habitats but,
 
because they occupied stream reaches of varying habitat complexity,
 
large numbers of speckled dace survived in complex habitats.  The
 
speckled dace seems to be a habitat generalist, as all life history
 
stages of this species were observed in all channel units (riffles,
 
runs, and pools) among all the stream reaches.
 
Because of seasonal movements of fishes in Rock Creek, changes
 
in fish numbers after the flood cannot be attributed solely to the
 
flood.  The increase in late-immigrating species such as the
 
chiselmouth and the squawfish dampened the apparent effect of the
 
summer flood in Rock Creek.  Furthermore mortality of YOY suckers
 
unrelated to the flood may have inflated the effects of the flood.
 
Despite a large emigration of speckled dace in Murderers Creek, we do
 
not think a similar emigration occurred in Rock Creek.  Murderers
 
Creek is at higher elevation and gets colder earlier in late summer
 
than does Rock Creek.  We believe that temperature is a primary factor
 
in fish emigration in these streams.
 
In conclusion, complex habitats are refuges for fishes during
 
disturbances such as floods.  After floods the change in total fish
 
density was lower, assemblage diversity higher, and assemblage
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similarity higher in complex than in simple habitats.  Complex
 
habitats may be sources of fish colonists to simple habitats after
 
floods, but large-scale migrations of fishes from lowland tributaries
 
or the mainstem are probably the main sources of fish colonists.
 
Fishes that are poor recolonizers, inhabit vulnerable habitats, or
 
subject vulnerable life-history stages to floods should be rare (e.g.,
 
sculpins) and fishes that do the opposite should be abundant (e.g.,
 
speckled dace).  Complex habitats should be protected in order to
 
maintain diverse assemblages in disturbed streams.
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TABLE 1.  Stream reach characteristics.
 
Reach  Elevation (m) Channel units 
RC5  795  plunge pools 
RC4  761  runs, riffles, 
shallow pools 
RC3  730  runs, pools 
RC2  690  riffles, runs 
RC1  660  Cascades, pools 
FC1  910  Cascades, riffles, 
pools 
MC1  927  Pools, runs 
Protective substrate
 
Large boulders, wood
 
Sparse
 
Large boulders
 
Sparse
 
Large boulders
 
Wood, small boulders
 
Sparse
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TABLE 2.  Fish species observed in the study area in John Day Basin,
 
north-central Oregon.  Three size-classes for each species represent
 
ecological species.
 
TL (mm)
 
Family and species  Common name
 
YOY Juvenile Adult
 
Salmonidae
 
Oncorhvnchus mvkiss  Rainbow  <90  90-300  >300
 
trout
 
Oncorhvnchus tshawytscha  Chinook  <90  90-140  >140
 
salmon
 
Prosopium williamsoni  Mountain  <90  90-220  >220
 
whitefish
 
Cyprinidae
 
Acrocheilus alutaceus  Chiselmouth  <45  45-130  >130
 
Ptvchocheilus oregonensis  Northern  <70  70-240  >240
 
squawfish
 
Rhinichthvs cataractae  Longnose  <50  50-76  >76
 
dace
 
Rhinichthvs osculus  Speckled  <33  33-46  >46
 
dace
 
Richardsonius balteatus  Redside  <40  40-63  >63
 
shiner
 
Catostomidae
 
Catostomus columbianus  Bridgelip  <79  79-152  >152
 
sucker
 
Catostomus macrocheilus  Largescale  <50  50-170  >170
 
sucker
 
Catostomus platvrhvnchus  Mountain  <38  38-127  >127
 
sucker
 
Cottidae
 
Cottus beldincti  Paiute  <36  36-53  >53
 
sculpin
 
Cottus rhotheus  Torrent  <38  38-53  >53
 
sculpin
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TABLE 3.  Hydraulic retention in 1988 (100 m reaches) and 1989 (150 m
 
reaches) in Rock Creek (RC), Murderers Creek (MC), and Fields Creek
 
(FC).  TT=50% travel time; and 95% TT=95% travel time. 
Site  50% TT  95% TT  Discharge 
(min)  (min)  (m3 /s) 
1988 
RC4  5  9  0.230 
RC3A  6  9  0.218 
RC2  6  9  0.268 
RC1  10  20  0.276 
MC1  29  73  0.041 
FC1  23  37  0.011 
1989 
RC5  10  16  0.087 
RC4  8  12  0.079 
RC3B  9  14  0.083 
RC2  7  11  0.094 
RC1  8  14  0.106 30 
TABLE 4.  Total, adult, juvenile, and YOY fish densities (fish/m3) in
 
reaches of Rock, Fields, and Murderers Creeks during different
 
sampling dates in 1988 and 1989.  Flooding occurred on 13 August 1988,
 
26 April 1989, and 10 May 1989.  The "change" in fish density was the
 
density of fish during July 1988 minus the density of fish during
 
September 1988, divided by the density of fish during July 1988 (- =
 
net loss;  + = net gain).
 
Site  Jul 1988  Sep 1988  Change  Jun 1989  Aug 1989 
Total 
RC5  4.95  4.27  -0.14  0.77  4.96 
RC4  3.86  0.91  -0.76  1.36  5.49 
RC3  3.92  4.78  +0.22  2.63  9.84 
RC2  24.69  8.59  -0.65  0.58  10.20 
RC1  4.54  2.03  -0.55  1.33  5.11 
FC1  9.87  14.88  +0.51  1.69  5.04 
MC1  8.69  9.40  +0.08  1.60  14.92 
Adults 
RC5  2.92  2.52  -0.14  0.17  0.76 
RC4  1.91  0.56  -0.71  0.37  1.13 
RC3  2.32  1.23  -0.47  0.78  0.51 
RC2  13.48  2.91  -0.78  0.27  1.02 
RC1  2.54  0.66  -0.74  0.85  0.57 
FC1  1.01  0.64  -0.37  0.17  0.28 
MC1  3.79  4.74  +0.25  0.86  10.65 
Juveniles 
RC5  1.24  1.19  -0.05  0.60  2.87 
RC4  0.98  0.09  -0.91  0.99  3.11 
RC3  0.96  1.88  +0.96  0.95  2.36 
RC2  10.02  5.62  -0.44  0.28  2.26 
RC1  1.36  0.88  -0.35  0.27  0.47 
FC1  1.35  5.12  +2.81  1.52  0.99 
MC1  1.81  4.28  +1.36  0.68  3.57 
YOY 
RC5  0.79  0.56  -0.28  0.00  1.33 
RC4  0.97  0.26  -0.73  0.00  1.25 
RC3  0.64  1.67  +1.61  0.91  6.97 
RC2  1.19  0.07  -0.94  0.03  6.92 
RC1  0.64  0.49  -0.23  0.20  4.07 
FC1  7.51  9.12  +0.21  0.00  3.76 
MC1  3.08  0.39  -0.87  0.05  0.70 31 
TABLE 5.  Densities (fish/m3) of rainbow trout, speckled dace,
 
bridgelip sucker, YOY rainbow trout, and late-spawned YOY fish in
 
Rock, Fields, and Murderers Creek during different sampling dates in
 
1988 and 1989.
 
Site  Jul 1988  Sep 1988  Jun 1989  Aug 1989 
Rainbow trout 
RC5  1.85  1.42  0.42  1.29 
RC4  1.54  0.22  0.67  1.13 
RC3  0.37  1.10  0.09  0.44 
RC2  0.58  0.07  0.04  0.00 
RC1  0.27  0.10  0.01  0.00 
FC1  8.74  12.00  1.47  4.47 
MC1  0.93  0.89  0.34  1.88 
Speckled dace 
RC5  1.68  1.39  0.06  2.32 
RC4  1.76  0.52  0.45  3.62 
RC3  2.33  2.98  1.56  6.84 
RC2  7.32  0.89  0.27  6.84 
RC1  2.09  0.56  0.20  1.89 
FC1  0.11  0.00  0.00  0.00 
MC1  4.82  1.86  0.66  5.96 
Bridgelip sucker 
RC5  0.50  0.34  0.27  0.95 
RC4  0.38  0.02  0.21  0.11 
RC3  0.34  0.52  0.08  0.74 
RC2  5.91  0.23  0.15  0.65 
RC1  0.36  0.02  0.12  0.13 
FC1  0.00  0.00  0.00  0.00 
MC1  1.15  1.62  0.00  0.38 
YOY Rainbow trout 
RC5  0.71  0.54  0.00  0.24 
RC4  0.95  0.17  0.00  0.40 
RC3  0.22  0.45  0.00  0.03 
RC2  0.12  0.00  0.00  0.00 
RC1  0.23  0.10  0.00  0.00 
FC1  7.51  8.64  0.00  3.62 
MC1  0.53  0.27  0.00  0.66 
Late-spawned YOY fish 
RC5  0.07  0.03  0.00  1.09 
RC4  0.02  0.09  0.00  0.84 
RC3  0.42  1.21  0.91  6.94 
RC2  1.07  0.07  0.03  6.92 
RC1  0.41  0.39  0.20  4.07 
FC1  0.00  0.48  0.00  0.14 
MC1  2.55  0.12  0.05  0.05
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TABLE 6.  Diversity (Shannon-Weaver) for true species and ecological
 
species, and similarity index (SIMI) values for stream reaches in Rock
 
Creek, Fields Creek, and Murdurers Creek between sampling dates, 1988
 
and 1989.  All SIMI values were calculated using the July 1988 sample
 
as the standard and comparing the July 1988 sample to the assemblages
 
at different times after the flood(s).  July 1988 = before first
 
flood; September 1988 = after first flood; June 1989 = after spring
 
floods; August 1989 = 2 months after spring floods.
 
Site  Jul 1988  Sep 1988  Jun 1989  Aug 1989
 
Species diversity
 
RC5  1.50  1.60  1.01  1.28 
RC4  1.16  1.12  1.12  1.06 
RC3  1.22  1.02  0.39  0.87 
RC2  1.37  1.32  1.42  0.78 
RC1  1.27  1.55  1.42  1.16 
FC1  0.39  0.49  0.39  0.43 
MC1  1.26  1.39  1.12  1.44 
Ecological species diversity 
RC5  1.90  2.03  1.32  1.99 
RC4  1.67  1.44  1.37  1.88 
RC3  1.99  1.88  1.33  1.69 
RC2  2.16  1.75  2.03  1.78 
RC1  1.99  2.03  1.97  1.90 
FC1  0.78  1.15  0.47  0.95 
MC1  2.15  1.94  1.64  1.92 
SIMI 
RC5  0.99  0.78  0.93 
RC4  0.92  0.96  0.90 
RC3  0.94  0.95  0.94 
RC2  0.63  0.72  0.63 
RC1  0.86  0.78  0.96 
FC1  0.99  1.00  1.00 
MC1  0.68  0.90  0.91 33 
JOHN DAY DRAINAGE
 
BASIN
 
Figure 1.  Map of the study site in the John Day Basin, north-central
 
Oregon.  Dots indicate the streams studied.
 34 
CHAPTER 3
 
INFLUENCE OF HABITAT MANIPULATION ON COLONIZATION PATTERNS OF STREAM
 
FISHES
 
Abstract
 
Habitat complexity is believed to influence local diversity of
 
stream fish and simplification of habitat may be one of the leading
 
contributors to the reduction of stream fish diversity in North
 
America.  We examined assemblage formation of stream fish in enhanced
 
and control habitats in a tributary stream of the John Day Basin one
 
month following a flood.  Run habitats were split in half
 
longitudinally and one side manipulated to increase structural
 
complexity.  We removed fish from the experimental units and
 
inventoried the colonizing fish during 54 days by snorkeling.  Age 0+,
 
juvenile, and adult fish, and species richness increased through time;
 
juvenile and adult fish density and species richness were higher in
 
enhanced habitats than in control ones; and age 0+ fish density was
 
not significantly different between either habitat.  We attribute the
 
non-significant difference of age 0+ fish density to the presence of
 
high densities of juveniles and adults in enhanced habitats that may
 
be predators on age 0+ fish.  In addition, rainbow trout (Oncorhvnchus
 
mvkiss) were not abundant in manipulated habitats presumably because
 
of high water temperatures in the study reach.
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Introduction
 
Habitat simplification is one of the biggest causes reducing
 
biodiversity because important physical characteristics on which
 
certain species depend are eliminated (Wilson 1988; Miller et al.
 
1989; Williams et al. 1989; Markle et al. 1991).  Streams have lost
 
valuable microhabitats through human activities such as channelization
 
(Pflieger and Grace 1987), reduction of large woody debris (Bilby and
 
Ward 1991, Reeves et al. 1993), excessive cattle grazing (Kauffman and
 
Krueger 1984) and splash damming.
 
In response to the loss of key habitats, fisheries managers have
 
attempted to enhance streams by adding structural elements to make
 
streams more complex.  Large woody debris and large boulders have been
 
placed in streams, stream bottoms excavated, and various types of
 
weirs, gabions, and jetties have been installed to enhance stream
 
habitat (Hamilton 1989).  Particular attention has been placed on
 
enhancing habitat for game fish species when the habitat has been
 
simplified (House and Boehne 1986; Hamilton 1989).  Frequently,
 
habitat enhancement projects have not been evaluated properly
 
resulting in questions as to their value (Hamilton 1989; Frissell and
 
Nawa 1992).
 
Stream fish diversity is positively correlated to habitat
 
complexity in many streams across North and Central America (Gorman
 
and Karr 1978; Schlosser 1982; Angermeier and Schlosser 1989).
 
Addition of woody debris in a 30.5 m reach of an Illinois stream
 
resulted in higher species richness than in a reach where wood was
 
removed (Angermeier and Karr 1984).  Assemblage diversity may be
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higher in complex habitats because they provide refugia from
 
disturbance (Fausch and Bramblett 1991; Pearsons et al. 1992), they
 
provide critical microhabitats for different species (Eadie and Keast
 
1984; Ross 1986; Gorman 1987), and they help mediate effects of
 
competition and predation that may reduce diversity (Crowder and
 
Cooper 1982; Gilinsky 1984; Sih et al. 1985; Schlosser 1987a, 1988).
 
The importance of habitat complexity to assemblage organization
 
may depend on the temporal stability of the habitat.  Species richness
 
of fish was positively correlated to habitat complexity in Panamanian
 
streams but not in streams of Minnesota and Illinois (Angermeier and
 
Schlosser 1989).  Streams in Minnesota and Illinois had more variable
 
flows and temperatures than streams in Panama which may explain why
 
species richness was not correlated with habitat complexity in these
 
streams.  Habitat complexity in temporally variable upstream areas of
 
Jordan Creek, Illinois did not predict fish species diversity as
 
accurately as temporally stable downstream habitats (Schlosser 1982).
 
Fish diversity in variable systems that are dominated by
 
extinction/recolonization dynamics should be less predictable given
 
the same habitat complexity than stable systems (Schlosser 1987b,
 
Angermeier and Schlosser 1989).
 
Previous work in Rock Creek suggests that habitat complexity
 
influences the ability of fish assemblages to resist impacts from
 
flash floods (Pearsons et al. 1992).  In addition, assemblages may be
 
more resilient in habitats with greater structure.  Resiliency of the
 
assemblage may be related to preferential colonization of complex
 
habitats.  To test this hypothesis we manipulated the physical habitat
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approximately one month after a flood and observed the fish assemblage
 
through time by using a non-destructive sampling technique.  We
 
examined the following questions:  Do more fishes colonize habitats
 
with greater structure than those with little structure?  Do different
 
life-stages of fish respond differently to structural enhancement of
 
the habitat?
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Methods
 
Site description
 
Rock Creek is a fourth-order tributary stream to the John Day
 
River in Oregon (Pearsons et al. 1992).  It originates in the Ochoco
 
mountains at 1897 m, drains 319 km2 and meets the John Day River at
 
about 660 m.  Mean annual precipitation is 62 cm with most falling in
 
winter and spring.  Discharge in the John Day system is low from July
 
through November.  High flows typically occur from March through May
 
although flash floods do occur in the summer (Pearsons et al. 1992).
 
Prior to the initiation of the experiment, three floods occurred
 
within a year in the study area.  Water temperatures increase in May
 
and June and reach a high in July and August.  Temperatures decrease
 
rapidly from the middle of September to October.  The study area
 
within Rock Creek (RC2, elevation 690 m) is dominated by runs and
 
riffles punctuated with pools, is bordered by grasses and young
 
alders, and the habitat complexity is low (Pearsons et al. 1992).  We
 
characterized habitat units (e.g. pools, riffles, runs) as geomorphic
 
entities that vary in depth, substrate, and velocities and were at
 
least as long as the average channel width (Bisson et al. 1982;
 
Frissell et al. 1986).  Stream reaches were characterized by riparian
 
canopy condition (Li et al. 1994) and consisted of a number of
 
contiguous channel units.  Temperature, habitat, and trophic guilds of
 
the fish species in the study reach are in Table 7.
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Experimental design
 
Runs were chosen as experimental units because they were more
 
homogenous than riffles and pools and thus easier to increase habitat
 
complexity.  Runs selected for experiments appeared longitudinally,
 
bilaterally symmetrical (similar habitats produced when divided
 
longitudinally).  Four of the six runs were used as experimental
 
units; two unmanipulated runs were used to reference seasonal changes
 
in the fish assemblage (Figure 2).  Runs selected for experiments were
 
characterized by smooth water surfaces, constant intermediate depths,
 
and relatively homogenous substrates.  Experimental runs were divided
 
longitudinally with a 10-m-long plastic divider with upstream and
 
downstream ends left open.  Physical complexity was enhanced on one
 
side (Figure 2).  Each of the plastic dividers was comprised of a
 
matrix of plastic screening (Internet Incorporated Product No. XV­
1110) covered with plastic visqueen supported by steel bars at 1.5-m
 
intervals.  Visqueen was buried in the substrate at the base of the
 
divider to seal the partition.  Experimental runs were distributed
 
within a 500 m reach of Rock Creek and were separated by a minimum of
 
20 m to ensure independence of samples.
 
Structural complexity of the habitat was increased on one side
 
of the partition as determined by random selection (Figure 2).  The
 
other side was not manipulated.  Physical habitat was enhanced in four
 
sides of split-runs on 20 June 1989 by constructing 1 wooden
 
deflector, 2 rock deflectors, digging out 2 pools approximately 1 m
 
long, 1 m wide, and 0.5 m deep, and putting in 6 large concrete
 
blocks.  Manipulations were designed to change habitat variables
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important to fish: depth, water velocity, and cover (Ross 1986; Gorman
 
1988).  The arrangement of the modifications was the same in each
 
experimental run.
 
On 21 June 1989 the fish that survived the spring floods were
 
removed from both sides of the experimental runs by using an
 
electroshocker.  Six electroshocking passes were necessary to remove
 
most (ca. 90-100%) of the fish.  Fish removed from each half of the
 
run habitats were counted and released approximately 400 m downstream
 
of the lowest run to reduce immediate recolonization.  Fish were not
 
removed from the reference runs.
 
Complexity of structurally enhanced habitats and control
 
habitats were quantified with 95% dye transit times (Pearsons et al.
 
1992).  Ninety-five percent transit time is the time taken for 95% of
 
the peak dye concentration to be evacuated from a habitat.  A more
 
gradual descent of the dye retention curve and thus a higher 95%
 
transit time should indicate higher habitat complexity (Lamberti et
 
al. 1989).  To measure dye retention 2 vessels containing 250 ml of
 
4.5 g/L of fluorescein dye was simultaneously released across the
 
middle of the upstream ends of enhanced and control habitats.  Two
 
people collected water samples at the downstream end of each habitat
 
every 15 sec for the first 3 min, every 30 sec for the next 3 min, and
 
every 60 sec for the last 9 min.  We collected water samples in
 
numbered vials and analysed fluorescein dye concentrations in the
 
laboratory by using a Turner model 112 fluorometer.  Dye releases and
 
physical measurements were performed before and after habitat
 
manipulation (June 20, 1989 and August 8, 1989).
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We measured depth and water velocity along 5 transects
 
perpendicular to water flow, spaced at 2.5 m intervals.  Transects
 
were numbered from 1 to 5 with 1 the farthest downstream and 5 the
 
farthest upstream.  Odd-numbered transects started 0.50 m from the
 
plastic partition and even numbered transects started 0.75 m from the
 
partition to minimize sampling of points directly downstream of
 
others.  Water velocities were measured at 0.4 of the depth (measured
 
from the stream bottom), and water velocities and depths were measured
 
at 0.5 m intervals from the starting point.  We measured water
 
velocities (cm/s) with a Marsh-McBirney flow meter.  Widths of the
 
stream were measured from the partition to the wetted stream bank.
 
Discharges were calculated by adding discharges for each cell along
 
transect 5.  We calculated habitat volumes by multiplying the average
 
depth, average width, and length.  Habitat measurements obtained on 20
 
June 1989 were used to calculate volumes for days -1 (1 day prior to
 
manipulation), 8, and 16, and on 8 August 1989 for days 24, 40, and
 
54.  Maximum and minimum temperatures were measured with a max-min
 
thermometer that was placed at the lower end of the stream reach.
 
Sampling of fishes
 
We snorkelled in habitats to count fishes on days -1, 8, 16, 24,
 
40, and 54.  Two divers simultaneously entered the water 5 m
 
downstream of the experimental or reference habitat, and snorkelled
 
slowly upstream in lanes, being careful not to chase fish into the
 
habitat.  Counting of fishes would begin at the bottom end of the
 
habitat, with each diver counting one side of the stream.  Fishes were
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recorded by species and age class (Table 7) on a plexi-glass slate.
 
Age classes were determined from age/size relationships in the
 
published literature (Carlander 1969, 1977; Moyle 1976; Wydoski and
 
Whitney 1979; Sigler and Sigler 1987).
 
Microhabitats of fishes in Rock Creek were determined in summer
 
1988.  A diver entered the water downstream of a riffle, run, or pool
 
and placed a numbered bobber at the focal position of a fish or group
 
of fish.  Fish that were startled were not marked.  At each bobber the
 
age-class, number, and species of fish observed, focal point velocity,
 
focal point depth (distance above the substrate), and total water
 
depth would be recorded.  More than one fish was assigned to a single
 
bobber if the microhabitat was estimated to be the same for each fish.
 
Typically this occurred with fish such as age 0+ cyprinids.  Water
 
velocities were measured using a Marsh-McBirney portable flow meter.
 
Analysis
 
Fish densities and species richness were compared with repeated
 
measures ANOVA (Winer 1971, Potvin et al. 1990) using SAS (SAS
 
Institute 1985).  Mauchley's criterion test was performed to test for
 
compound symmetry of the variance-covariance matrix.  Corrected P
 
values were calculated and used when the compound symmetry assumption
 
was violated (Greenhouse and Geisser 1959; Huynh and Feldt 1970).
 
Alpha control using the Bonferroni method was applied to reduce Type I
 
errors resulting from multiple comparisons.  A transformation
 
(x+0.375)1/2 was performed to minimize nonconstant variance (Zar 1984).
 
Physical habitat variables were compared using a paired t-test.
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Results
 
Habitat enhancement
 
Habitat enhancement as measured by dye retention was not
 
significantly different in enhanced and control habitats before
 
manipulation (paired t-test, P = 0.20, n = 4), but was different in
 
enhanced and control habitats after manipulation (paired t-test, P =
 
0.02, n = 4) (Table 8).  Hydraulic retention generally increased
 
between sampling periods.  Dye lingered in eddies behind wood and rock
 
deflectors and along stream margins.  Adsorption of dye by organic
 
material and fine sediments was believed to be minimal because of the
 
short transit times.
 
None of the other physical variables measured in enhanced and
 
control habitats were significantly different (Table 8), which might
 
be a result of where the transects were located.  Points of
 
measurement along the transect rarely overlapped areas that were
 
directly influenced by structural enhancements.  For example, velocity
 
measurements were rarely taken behind concrete blocks, and depths were
 
rarely measured in excavated areas.  Therefore, physical measurements
 
along transects may not reflect benefits provided by structural
 
enhancement of the habitat.
 
Enhancement of habitat on one side of each split-run may have
 
increased the discharge and water velocity on the control side.
 
Discharge was higher before the manipulation on the enhanced sides and
 
after the manipulation it was higher on the control sides, although
 
the differences were not significant (Table 8).  Water velocities were
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lower in enhanced sides before and after manipulations but the
 
differences were not significant (Table 8).  We don't believe that
 
slight alterations in discharge resulting from habitat manipulations
 
strongly influenced our study results because discharge and water
 
velocity were not significantly different in enhanced and control
 
habitats.
 
Response of fishes
 
Life history stages responded differently to manipulation of
 
structural complexity of the habitat.  Adult and juvenile fish
 
densities were significantly higher in enhanced habitats (Table 9,
 
Figure 3a,b).  Densities of adult and juvenile fishes in enhanced
 
habitats were double those in control habitats at the termination of
 
the experiment (Figure 3a,b).  Densities of age 0+ fishes were not
 
significantly different between enhanced and control habitats (Table
 
9; Figure 3c).
 
Species richness was significantly higher in enhanced habitats
 
than in control habitats (Table 9).  Although differences in species
 
richness between enhanced and control habitats were typically only one
 
to two species during a sampling period, these differences were
 
sometimes 50% of the species in an assemblage (Figure 4).  Small
 
differences in species richness are ecologically significant when the
 
number of species in the assemblage is small.  For example,
 
chiselmouth were only observed in enhanced habitats and were the only
 
herbivorous species in Rock Creek that was typically found in the
 
water column.  Therefore, addition of one species resulted in an
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assemblage that was quite ecologically different than without the
 
species.
 
The assumption of compound symmetry of the variance-covariance
 
matrix was mildly violated for all tests, therefore corrected P values
 
were used in subsequent analyses (Table 9).  Furthermore, because four
 
variables were tested, P values were corrected to 0.0125 for alpha
 
control.  Thus, in order for a test to be statistically significant
 
corrected P values (Greenhouse-Geisser and Huynh-Feldt) had to be less
 
than 0.0125.
 
Fish species migrated and spawned during different times of the
 
spring and summer, and densities and species richness peaked in late
 
summer.  Species richness significantly increased through the summer
 
(Table 9, Figure 4) with the addition of late-migrating fish.
 
Speckled dace, largescale sucker, and redside shiner were present in
 
reference runs at day -1 or 8, bridgelip sucker at day 16, rainbow
 
trout at day 24 (although they were present in other habitats much
 
earlier), northern squawfish at day 40, and chiselmouth at day 54.
 
With the exception of rainbow trout fish densities of all species in
 
reference runs were highest on day 54.  Adult, juvenile, and age 0+
 
fishes significantly increased during the summer (Table 9; Figures
 
3a,b,c).  Interactions between habitat and time were not significant
 
(Table 9).  Only 1 large fish piscivore (adult northern squawfish)  was
 
seen in the runs during the experiment.  Migrations of fishes
 
corresponded to visual decreases in discharge and increases in
 
temperature.  Maximum temperatures were 24, 29, and 27 C, and minimums
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were 10, 13, and 17 during the sampling periods in the months of June,
 
July, and August respectively.
 
Time explained more of the variation in adult, juvenile, and age
 
0+ density, and species richness than habitat enhancement or
 
habitat*time.  The percentage of type III SS from the ANOVA attributed
 
to time was 71 (adult density), 74 (juvenile density), 94 (age 0+
 
density), and 90% (species richness) of the total type III SS from
 
habitat, time, and habitat*time.  The removal of fishes at the start
 
of the experiment is not believed to have had a large effect  on the
 
formation of the assemblage and thus explain the reason for the large
 
effect that time had.  Adult, juvenile, and age 0+ densities, and
 
species richness, were close to premanipulation and reference values
 
after only 8 or 16 days.
 
Rainbow trout densities were very low in enhanced, control, and
 
reference habitats throughout the experiment, although more trout were
 
observed in enhanced habitats than the others.  A total of 14 trout
 
were observed in all habitat types from days 0 to 54.  Twelve trout
 
were observed in enhanced, 0 in control, and 2 in reference habitats.
 
Microhabitat
 
Different species of fish occupied different microhabitats in
 
Rock Creek (Figure 5).  Adult, juvenile, and age 0+ fishes in Rock
 
Creek primarily occupied microhabitats with depths > 20  cm (deep) and
 
velocities < 20 cmjs (slow).
 
The distribution of fish observed while snorkelling within
 
enhanced habitats suggested that fishes were using microhabitat
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features produced by manipulations.  Juvenile and adult fishes were
 
particularly dense in the dug-out pools and behind water velocity
 
obstructions such as the deflectors and concrete blocks.  Suckers and
 
speckled dace occupied benthic positions in these areas and the
 
chiselmouth, redside shiner, northern squawfish, and rainbow trout
 
occupied the water column.  Age 0+ fishes were abundant along the
 
stream margins of control and enhanced habitats and in slack water
 
behind rock deflectors.
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Discussion
 
We contend that structural enhancement of the habitat in Rock
 
Creek increased habitat complexity in run habitats which susequently
 
resulted in higher densities of juvenile and adult fishes and higher
 
species richness.  Wood and rock deflectors, and large bricks provided
 
cover from terrestrial and aquatic predators, and produced slow water
 
microhabitats which were uncommon in run habitats in Rock Creek.  In
 
addition, pools were excavated which increased the maximum depth in
 
the runs and thus provided more variety of microhabitat positions
 
within the vertical water column.  In short, structural enhancement of
 
the habitat created more diverse microhabitats suitable for fishes.
 
Greater habitat complexity provides more opportunities for
 
fishes to coexist.  More fishes and fish species can coexist in
 
complex habitats by partitioning the habitat through interactive or
 
selective segregation.  Habitat partitioning of fishes in Rock Creek
 
occured (Figure 5) and fishes were observed in microhabitats created
 
by structural enhancements.  Furthermore, resource partitioning is
 
common among fishes (reviewed by Ross 1986).  Competitive exclusion is
 
less common in complex habitats than in simple ones.  Alternatively,
 
fishes may select microhabitats based on their preference, independent
 
of relationships with other fishes.  Interactive segregation is
 
believed to be increasingly important in areas of low disturbance but
 
may be less important in disturbed areas (Connell 1978; Schlosser
 
1987b) such as Rock Creek.  In short, we believe that more species and
 
fishes colonized structurally enhanced habitats than unenhanced  ones
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because there were more microhabitats available to species that have
 
different microhabitat requirements.
 
Alternatively, more fish and fish species might be a result of
 
protection from predators and disturbances that complex habitats
 
provide.  Complex habitats provide refuges from predators and floods
 
which may protect fishes against extirpation.  More hiding places are
 
available to fishes in complex habitats thus reducing the opportunity
 
for predators to eliminate species or reduce densities (Crowder and
 
Cooper 1982, Schlosser 1988).  In addition, mounting evidence suggests
 
that complex habitats protect fish during floods (Fausch and Bramblett
 
1991; Pearsons et al. 1992).  Both of these mechanisms do not appear
 
appropriate to explain the differences in density and diversity
 
observed during this experiment.  Only one predator that commonly
 
feeds on juvenile and adult fishes (northern squawfish) was observed
 
and no floods occured during the experiment.
 
Greater amounts and types of food may be produced in complex
 
habitats relative to simple ones which may attract more fishes
 
(Angermeier and Karr 1984).  However, we did not measure food
 
abundance in this study so we decline to speculate of its importance
 
in explaining the observed responses of fishes.
 
Contrary to patterns observed for juvenile and adult fish
 
density and species richness, age 0+ fish did not respond in a similar
 
manner.  Age 0+ fish densities were not significantly different
 
between structurally enhanced and unenhanced habitats even though the
 
number of potential spawners was higher and habitat conditions were
 
more suitable in enhanced habitats.  Age 0+ fish colonizing habitats
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primarily by drifting (Harvey 1991b) should be entrained in or select
 
retentive complex habitats more than in simple habitats (Moore and
 
Gregory 1988).  Age 0+ fish that do not drift should be more abundant
 
where the concentration of spawning adults is highest.  Enhanced
 
habitats were more retentive and had higher adult densities than
 
unenhanced habitats, suggesting that more age 0+ fish initially
 
colonized complex habitats.  Higher juvenile and adult densities in
 
enhanced habitats may translate into higher predation pressure or
 
emigration of age 0+ fish, and thus lower overall habitat suitability
 
for age 0+ fish (Werner and Hall 1988, Harvey 1991a,b).  Many of the
 
species in Rock Creek have been known to eat age 0+ fishes (Wydoski
 
and Whitney 1979).
 
Our results support conclusions by Gorman and Karr (1978),
 
Schlosser (1982), Angermeier and Karr (1984), and Angermeier and
 
Schlosser (1989) who concluded that habitat complexity positively
 
influences assemblage structure of stream fishes.  Our's is one of few
 
replicated controlled field studies that examined whole fish
 
assemblage responses to structural enhancement of the habitat
 
(Angermeier and Karr 1984).  This is significant because controlled
 
field experiments are the most definitive mode of ecological study.
 
Thus, although the relationship between habitat complexity and species
 
diversity has been previously documented, we contributed strong
 
support for this relationship by using a rigorous experimental design.
 
In addition, we expanded the geographic range and ecological context
 
that this relationship applies to.  No previous study of this type has
 
been conducted in high desert streams.  Furthermore, our study was
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explicitly designed to investigate the role of fish movement  on
 
temporal colonization patterns and the potential differences in
 
colonization patterns by different age classes of fishes.
 
We believe that juvenile and adult fishes that colonized
 
habitats were a result of local and largescale movements.  Densities
 
of fish at the end of the experiment far exceeded those in all
 
habitats prior to starting the experiment (Figure 3a,b,c).
 
Furthermore, different species migrated into habitats at different
 
times and species richness peaked at the end of the experiment.  Many
 
of the species that colonized habitats late in the summer were not
 
present in any habitats that we surveyed early in the summer.  These
 
results suggest that some of the colonists originated from areas
 
outside of the study reach.  Furthermore, migrations of fish may have
 
been triggered by fish defaunation as a result of flooding (Pearsons
 
et al. 1992), or seasonal movement patterns (Decker and Erman 1992).
 
We favor the latter explanation, because we observed similar movement
 
patterns by fishes in other streams in the John Day Basin that
 
presumably were not affected by recent floods (Pearsons and Li,
 
unpublished data).
 
Although species richness was higher in complex habitat units
 
than in simple ones, habitat manipulations did not increase species
 
richness in the stream reach (RC2) that the experiment  was performed.
 
Species that were only seen in complex habitat units were primarily
 
pool dwelling species.  Although the reach of stream where the
 
experiment was conducted was primarily riffle and run habitat
 
(Pearsons et al. 1992) some pools were also present.  Some of these
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pools contained the species that were only found in complex habitats.
 
Thus habitat manipulations did not result in an increase in species
 
richness within the stream reach.  In short, application of
 
experimental results conducted at the habitat unit scale should be
 
interpreted cautiously when applying to a different hierarchical scale
 
such as the stream reach.
 
Application to habitat enhancement
 
Habitat enhancement did not appreciably boost the numbers of
 
rainbow trout in Rock Creek suggesting that physical habitat was not
 
the factor limiting trout abundance during this time period.  This may
 
be a result of enhancing habitat structure in areas where warm water
 
temperatures were unsuitable for trout.  Temperature was negatively
 
correlated to trout abundance in the Rock Creek basin and other
 
tributary streams in the John Day Basin (Li et al. 1994).  Temperature
 
rather than habitat complexity appears to be the preferred  resource in
 
RC2.  High densities of rainbow trout were observed in cold water seep
 
areas in Rock Creek when water temperatures exceeded 25 degrees
 
centigrade (Pearsons and Li, unpublished data).
 
Restoration of stream habitat is a goal we endorse.  A richer
 
fish fauna can be attained by increasing the complexity of streams.
 
However, mere addition of hard structures such as rock jetties and
 
weirs composed of dropped logs do not compensate for a healthy, fully
 
functioning ecosystem.  Reliance on them can impede stream
 
restoration.  There are several reasons for this.  Often the lack of
 
structure in the form of large woody debris will be correlated with
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other problems.  For instance, stream reaches lacking large woody
 
debris are often without a riparian canopy and temperature loading
 
becomes a problem.  Failures in stream restoration in the
 
Intermountain West occur because limiting factors were not identified.
 
Instead, "stream rehabilitation" was performed reflexively.  Streams
 
by their very nature are dynamic (Gregory et al. 1991).  Hard 
structures by their very nature inhibit dynamic change.  Ecological 
problems deserve ecological solutions. 54 
TABLE 7.  Fish species in the study area of Rock Creek.  Each species
 
is divided into age classes and categorized by thermal, habitat, and
 
trophic guilds (modified from Li et al. 1987).  Thermal guild:
 
S=stenotherm, M=mesotherm, and E=eurytherm.  Habitat guild: B=benthic,
 
and W=water column.  Trophic guild: P=plants, I=invertebrates, F=fish.
 
Total length (mm) 
Family and species  Common name 
0+ Juvenile Adult 
Salmonidae 
Oncorhvnchus mvkiss  Rainbow  <90  90-300  >300 
trout 
Cyprinidae 
Acrocheilus alutaceus  Chiselmouth  <45  45-130  >130 
Ptvchocheilus oregonensis  Northern  <70  70-240  >240 
squawfish 
Rhinichthvs osculus  Speckled  <33  33-46  >46 
dace 
Richardsonius balteatus  Redside  <40  40-63  >63 
shiner 
Catostomidae 
Catostomus columbianus  Bridgelip  <79  79-152  >152 
sucker 
Catostomus macrocheilus  Largescale  <50  50-170  >170 
sucker 
Catostomus platvrhvnchus  Mountain  <38  38-127  >127 
sucker 55 
TABLE 7. continued
 
Thermal  Habitat  Trophic 
Guild  Guild  Guild 
S  W  I 
E  W  P 
E  W  I+F 
E  B  I 
E  W  I 
M  B  P 
E  B  P 
S  B  P 56 
TABLE 8.  Physical variables measured in enhanced and control habitats
 
before and after manipulation.  Values are averages and standard
 
deviations (in parentheses) of measures taken in four habitats (n=4).
 
Differences were tested using a paired t-test.
 
Physical  Before manipulation  After manipulation
 
Variable  Enhanced  Control  Enhanced  Control
 
*
  95% transit  50.2  29.6  292.2  50.8
 
time (sec)  (25.2)  (0.4)  (109.7)  (28.3)
 
Depth (cm)  30.0  24.9  26.4  19.7
 
(4.2)  (7.5)  (2.3)  (5.0)
 
Velocity (cm/s)  34.5  36.0  21.3  28.4
 
(5.9)  (5.7)  (7.6)  (6.4)
 
Surface area (m2 
)  34.9  37.2  32.8  33.0
 
(8.2)  (9.4)  (8.5)  (6.9)
 
Discharge (m
3/s)  0.44  0.35  0.18  0.20
 
(0.08)  (0.09)  (0.06)  (0.07)
 
*
 
P<0.05
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TABLE 9.  Comparisons of fish density and species richness between
 
enhanced and control habitats through time using repeated measures
 
ANOVA on (x+0.375)  1/2 tranformed variables.  MS=Mean square, G-G
 
P=Greenhouse-Geisser corrected P, H-F P=Huynh-Feldt corrected P, MS
 
P=Mauchley's sphericity P.  Corrected P values using the Bonferroni
 
method are 0.0125.
 
Sources of  MS  F  df  P  G-G P  H-F P  MS P
 
variation
 
Adult density
 
Habitat  2.715  25.45  1  0.0023*
 
*
  Time  1.833  41.99  5  0.0001  0.0001  0.0001
 
Time*Habitat  0.192  4.40  5  0.0040  0.0231  0.0040  0.032
 
Juvenile density

*
  Habitat  6.093  40.95  1  0.0007 
*  Time  4.358  42.41  5  0.0001  0.0001  0.0001 
Time*Habitat  0.325  3.16  5  0.0208  0.0592  0.0208  0.026 
Age 0+ density 
Habitat  0.899  1.02  1  0.3517 
Time  15.332  42.51  5  0.0001  0.0001  0.0001* 
Time*Habitat  0.729  2.02  5  0.1041  0.1807  0.1469  0.027 
Species richness 
Habitat  1.304  83.39  1  0.0001* 
Time  3.006  100.14  5  0.0001  0.0001  0.0001* 
Time*Habitat  0.077  2.57  5  0.0472  0.1024  0.0484  0.002 
* P<0.0125, and when MS P<0.05 then G-G P and H-F P are both <0.0125
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Figure 2.  Schematic of the study design showing the configuration of
 
the habitat manipulation, and the treatment and reference positions
 
within the study reach.
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Figure 3.  Average ± 1 standard deviation fish density in enhanced
 
(n=4), control (n=4), and reference habitats (n=2) through time.
 
Fishes were removed from enhanced and control habitats on day 0.  a)
 
adult fish density, b) juvenile fish density and c) age 0+ fish
 
density.
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Figure 4.  Average + 1 standard deviation species richness in enhanced 
(n=4), control (n=4), and reference habitats (n=2) through time.
 
Fishes were removed from enhanced and control habitats  on day 0.
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Figure 5.  Average ± 1 standard error of microhabitat measurements for
 
fishes in Rock Creek.  All measurements were made on juvenile and
 
adult fishes except where otherwise noted.  1=rainbow trout (n=108),
 
2=northern squawfish (n=41), 3=speckled dace (n=241), 4=chiselmouth
 
(n=112), 5=age 0+ rainbow trout (n=90), 6=bridgelip sucker (n=80),
 
7=redside shiner (n=513), 8=mountain sucker (n=52), 9=age 0+ speckled
 
dace (n=33), 10=age 0+ redside shiner (n=135).
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CHAPTER 4
 
RESPONSES OF FISH ASSEMBLAGES TO A GRADIENT OF PREDATOR DENSITIES:  AN
 
EXPERIMENTAL APPROACH
 
Abstract
 
Despite the importance of predation in structuring assemblages,
 
few experimental studies have tested the effects of predator densities
 
on vertebrate prey diversity.  The response of stream fish assemblages
 
to a gradient of predator densities was examined in Rock Creek,  a high
 
desert stream in north-central Oregon.  Two types of field
 
manipulations were performed.  First, behavioral avoidance of fish to
 
predators was examined in pools that were split longitudinally.
 
Northern squawfish (Ptvchocheilus oreaonensis), known piscivores, were
 
tethered on one side of the pool.  When given a choice, juvenile and
 
adult fish avoided sides of split pools with northern squawfish during
 
colonization, and emigrated from areas when squawfish were
 
experimentally introduced.  Age 0+ fish did not avoid squawfish.
 
Second, free-swimming squawfish were stocked at different densities in
 
pools that were screened at the upstream and downstream ends.  Mesh
 
size of the screens was impermeable to squawfish but permeable to
 
almost all the other fish in Rock Creek.  Seasonal migrations of fish
 
strongly influenced fish density and the presence of squawfish had  a
 
profound impact on fish density primarily in pools with squawfish
 
densities exceeding 0.22/m3.  Diversity of fish assemblages and
 
abundance of fish were negatively related to predator density.  Fish
 
assemblages in pools with high squawfish densities could be
 
additionally characterized by a relatively high proportion of  age 0+
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fish and almost no juvenile suckers.  Assemblage structure in pools
 
changed the most as a result of recruitment through time, and
 
secondarily as a result of predator density and habitat quality.
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Introduction
 
Despite the importance of predation in structuring communities
 
(Sih et al. 1985), few experimental studies have tested the effects of
 
predator density on vertebrate prey diversity (Sih et al. 1985, Hixon
 
1986).  In Hixon's (1986) review of fish predation, only seven
 
experimental field studies examined prey diversity as a function of at
 
least three different densities of fish as predators.  None of the
 
experiments examined fish as prey.  Four of the studies demonstrated
 
keystone predator effects, two showed no effects, and one showed
 
negative effects on prey diversity.  The one study performed in a
 
stream system (Flecker 1984) showed no change in prey diversity in
 
response to varied predation intensity.  The apparent mechanism
 
underlying this nonresponse was presumed to be rapid prey colonization
 
by drifting stream invertebrates.  Highly mobile prey communities,
 
such as birds and fish, may be affected by predators in very different
 
ways than immobile, space-limited prey species (Schoener 1986).  One
 
obvious difference is the ability of mobile organisms to avoid
 
predators (Werner et al. 1983, Mackay 1992).
 
Piscivorous fishes may alter local assemblage structure or
 
habitat selection of prey fishes in streams.  The biomass of
 
nonpiscivorous fish was lower in sites with piscivores than without
 
them in southern Ontario streams (Bowlby and Roff 1986).  Prey sized
 
fish were most abundant in shallow riffle and run habitats presumably
 
as a result of predator fish in deep pool habitats (Schlosser 1987a).
 
Many experimental studies have demonstrated the ability of prey fish
 
to avoid predators, although most studies focused on a single species
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of prey fish within the fish assemblage.  Young creek chubs (Semotilus
 
atromaculatus) avoided pools in a natural stream with predatory adult
 
creek chubs (Fraser et al. 1987).  An herbivorous minnow Campostoma
 
anomalum avoided pools with piscivorous bass, and in large pools where
 
bass and Campostoma were sympatric, Campostoma shifted microhabitats
 
to avoid bass (Power and Matthews 1983, 1985; Matthews et al. 1987).
 
In laboratory streams prey fish avoided different taxa of predators
 
according to their risk of predation (Schlosser 1988).
 
In Brown and Moyle's (1981) review of the impacts of squawfish
 
on salmonid populations they concluded that impacts to salmonids in
 
streams is generally not significant, however in lakes predation may
 
be extensive.  Concerns about the magnitude of northern squawfish
 
predation on emigrating salmon and steelhead in the Columbia River
 
(Poe et al. 1991, Rieman et al. 1991, Vigg et al. 1991) has prompted a
 
predator control program.  About 67% of the weight of the diet of
 
squawfish in the John Day Reservoir was juvenile salmon and steelhead
 
but prickly sculpin (Cottus aspen) was also a significant part of the
 
diet (Poe et al. 1991).  Most of the predation on salmonids appeared
 
to be taking place immediately below dams (Rieman et al. 1991).  Brown
 
and Moyle (1991) observed shifts in habitat by prey species in the Eel
 
River, California in response to the introduction of the Sacramento
 
squawfish (Ptvchocheilus arandis).
 
Previous work in Rock Creek indicated that seasonal migrations
 
of fish greatly influenced assemblage structure of fish and that
 
factors such as habitat complexity influenced which habitats fish
 
would colonize (Pearsons et al. 1992, Chapter 3).  Furthermore, we
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wanted to determine if the presence of predators influenced
 
colonization, emigration, and subsequent assemblage structure of fish
 
in Rock Creek.  The objectives of our study were to answer the
 
following questions:  Do juvenile and adult fish avoid habitats with
 
predators during seasonal upstream migration?  Do prey fish emigrate
 
from habitats that predators colonize?  What is the local response of
 
prey fish assemblages to a gradient of predator densities?
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Methods
 
Study area
 
Studies were conducted in Rock Creek, a fourth-order tributary
 
stream to the John Day River (Pearsons et al. 1992).  Rock Creek
 
originates in the Ochoco Mountains at 1,897 m, drains 319 km 2 and
 
meets the John Day River at about 660 m.  Mean annual precipitation is
 
62 cm, most of which occurs in winter and spring.  Discharge in the
 
John Day system is low from July through November.  High flows
 
typically occur from March through May, although flash floods may
 
occur at any time (Pearsons et al. 1992).
 
Two downstream reaches of Rock Creek were used in this study.
 
Both experiments were performed in pools because large piscivores
 
inhabit them.  Pools are relatively deep, slow-water habitats (Bisson
 
et al. 1982, Hawkins et al. 1993).  Rock Creek 2 (RC2) was the site of
 
the split-pool manipulations, and Rock Creek 1 (RC1) was the site of
 
the whole-pool manipulations.  Rock Creek 2, elevation 690 m, is
 
dominated by runs and riffles punctuated with pools and is bordered by
 
grasses and young alders; habitat complexity is low (Pearsons et al.
 
1992).  Rock Creek 1, elevation 660 m, is dominated by cascades and
 
plunge pools and is bordered by mature alders; habitat complexity is
 
higher than RC2.
 
Thirteen native fish species and one rare exotic species
 
(smallmouth bass, Micropterus dolomieui) inhabited the study reaches
 
(Table 10).  Northern squawfish, torrent sculpin (Cottus rhotheus),
 
and smallmouth bass are the only species present that regularly
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consume fish older than one year.  Torrent sculpin and smallmouth bass
 
are rare in Rock Creek, and they are also smaller than squawfish.
 
Except for the three species of suckers and the chiselmouth, which
 
primarily eat plants, all of the other species primarily eat
 
invertebrates.
 
Split-pools
 
Northern squawfish were tethered on one side of four pools, that
 
were split longitudinally, to determine if northern squawfish inhibit
 
fish colonization or increase fish emigration.  Predator density was
 
manipulated in pool channel units over a 500-m reach of Rock Creek
 
(Figure 6).  Pools selected for the experiment had similar habitat on
 
either side when divided longitudinally.  Similar to experiments
 
performed in run habitats (Chapter 3), four pools were divided
 
longitudinally with 10-m-long plastic partitions to eliminate visual
 
and olfactory cues between sides (Figure 6).  A frame was constructed
 
of reinforced iron bars (rebar), wire, and plastic mesh, and black
 
plastic visqueen was draped over the frame and buried in the
 
substrate.  The upstream and downstream ends of the split-pools were
 
left open to allow colonization of the habitats.  Three adult northern
 
squawfish were tethered to rebar pounded into the substrate in the
 
middle and 1 m inside the top and bottom end of each pool.  One meter
 
of monofilament line was attached to the lower jaw of each fish, which
 
constrained the fish from leaving the pool and from feeding on fish.
 
Reference pools were located at the top and bottom end of the study
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reach to detect aberrant responses of the fish assemblage to the
 
experimental design.
 
To test if fishes avoid northern squawfish, two experiments were
 
conducted.  The first experiment was to determine if colonizing fishes
 
avoid northern squawfish.  Eight trials of the experiment were
 
performed.  The first four trials were conducted between 1 and 2 July,
 
and the second four trials between 14 and 15 July.  Fishes were
 
removed from both sides of the split pools with six electrofishing
 
passes on 1 July and 14 July 1989.  Squawfish were placed into one
 
side of each split pool on 1 July and again on 14 July 1989.  Sides of
 
pools that received squawfish stocking on 1 July were randomly
 
selected and squawfish were stocked on opposite sides on 14 July.  The
 
second experiment was to determine if fishes emigrate from habitats
 
containing northern squawfish.  In contrast to the first experiment,
 
fishes were not removed from split-pools prior to the second
 
experiment.  Squawfish were stocked in the same sides of the pools  as
 
on 1 July in the first experiment.
 
Some squawfish died during the experiments and dead squawfish
 
were replaced with live ones.  Squawfish were repeatedly found dead in
 
pool la.  Because tethering squawfish affected their long term
 
survival, we chose to use a different experimental design the
 
following year that wouldn't require tethering (described below).
 
The responses of fishes to the treatments were determined by
 
counting fishes by snorkelling in the split-pools.  Fishes were
 
counted one day before and one day after the start of the first four
 
trials of the first experiment, one day after the start of the second
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four trials of the first experiment, and at the start and one and four
 
days after the start of the second experiment.  Two divers
 
simultaneously entered the water 5 m downstream of the experimental or
 
reference habitat and snorkelled slowly upstream in lanes, being
 
careful not to chase fish into the habitat.  Counting of fish began at
 
the bottom end of the habitat; each diver counted one side of the
 
stream.  Fish were recorded by species and age class (Table 10) on a
 
plexiglass slate.  Age classes were determined from the age-size
 
relationships in the literature (Carlander 1969, 1977; Moyle 1976;
 
Wydoski and Whitney 1979; Sigler and Sigler 1987).
 
Habitat volume was measured on 1 and 12 July 1989.  Pool volume
 
was calculated by multiplying average length, width, and depth.
 
Lengths of the habitats were 10 m.  Widths and depths were taken at
 
three transects perpendicular to water flow.  Depths were measured
 
every 50 cm.
 
Whole pools
 
Predator density was manipulated by enclosing different numbers
 
of squawfish in plunge pools that were screened at the top and bottom
 
ends of the pools.  Ten plunge pools distributed within a 1.6 km
 
section of Rock Creek were selected for observation.  Seven pools were
 
enclosed with large-mesh screening on 22-24 June 1990 and stocked with
 
0-22 adult northern squawfish, 30-49 cm total length (TL), and three
 
pools were not manipulated and served as references.  Construction of
 
the enclosures was as follows: steel bars were pounded into the stream
 
bed to support the screening, metal screening with 1.9- x 2.5-cm mesh
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was attached to the steel frame with cable ties and wire, and rocks
 
were placed on the bottom of the screen.  The mesh size was too small
 
for adult squawfish to pass through but large enough for other fish in
 
Rock Creek to pass through, with the exception of adult bridgelip and
 
largescale suckers.  Reference pools were located above the highest
 
experimental pool (RC), below the lowest experimental pool (RA), and
 
in the middle of the set of experimental pools (RB).  Reference pools
 
were used to detect inhibition of fish migration through the screens
 
and hence the independency of the screened pools.
 
Different numbers of northern squawfish were stocked in enclosed
 
pools to create a gradient of predator densities.  Squawfish were
 
captured in Rock Creek with a beach seine and in the John Day River
 
with hook and line.  They were transported to the pools in large
 
water-filled coolers and released.  Stocking levels were determined
 
from previous sampling in the John Day Basin.  With the exception of
 
the highest density treatment, squawfish densities were within the
 
range observed in Rock Creek.  Squawfish densities in the highest
 
density treatment were higher than those seen naturally in Rock Creek.
 
Fish assemblages were monitored five times over 58 days by
 
snorkelling.  Fish assemblages were inventoried before squawfish were
 
added (day 0) and on days 4, 19, 32, and 58 after squawfish were
 
added.  Snorkelling started at the pools farthest downstream and
 
continued upstream from 1000 to 1700 hours.  Two divers entered the
 
downstream end of each pool and proceeded slowly upstream in lanes,
 
counting fish by species and age-class (Table 10) and recording data
 
on plexiglass slates.  Divers communicated to avoid double counting of
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fish at the border of lanes.  After counts were completed, the divers
 
made a second pass in a downstream direction to ensure no fish were
 
missed.  All counts were made by the same two divers.  On 22-23 August
 
2-5 electrofishing passes were made to measure adult squawfish and
 
check squawfish intestine contents.
 
Squawfish feeding behavior was observed on 6 June 1990 at pool 1
 
and on 6 August 1990 at pools 3 and 7.  All observations were made
 
between 1000 and 1200 hours.  An observer wearing polarized glasses
 
was positioned on the streambank at a location to enable observation
 
of the fish in the pool.  Observations of feeding behavior were
 
recorded.
 
Physical measurements
 
Habitat volume, maximum water depth, and solar input were
 
calculated for each pool.  Physical measurements were taken at the
 
beginning and end of the experiment, except for solar pathfinder
 
measurements, which were taken on 27 July.  Pool volume was calculated
 
by multiplying average length, width, and depth.  Measurements of
 
length were taken along the left and right edges of the pool and in
 
the middle of the pool.  Width measurements were taken at 2-m
 
intervals from the downstream end of the pool.  Depths were measured
 
at 0.5-m intervals along width transects.  Maximum pool depth was
 
determined by probing the pool with a measuring staff.  We used
 
maximum pool depth as an indicator of habitat conditions (Fausch and
 
Bramblett 1991).  Solar input into the pool was calculated for May,
 
June, July, and August using a solar pathfinder (Platte et al. 1987,
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Li et al. 1994).  Algal and invertebrate biomass were positively
 
correlated with solar input in Rock Creek (Tait et al. 1994), and
 
hence we used solar input as a relative index of food abundance.  A
 
thermometer was placed at the top of the study reach, and maximum and
 
minimum temperatures were recorded on the dates of the fish censuses.
 
Analysis
 
Detrended correspondence analysis (DCA) and measures of
 
diversity were used to compare assemblage structure at the beginning
 
and end of the experiment.  Detrended correspondence analysis is a
 
superior ordination technique that groups similar entities together
 
using similarities and differences in species composition and
 
abundance (Gauch 1982).  Composite diversity (Shannon-Weaver diversity
 
index H', hereafter referred to as diversity), evenness J(H'), and
 
species richness were calculated for each pool (Shannon and Weaver
 
1949, Peet 1974).  Measures of diversity and DCA were calculated using
 
AID1 (Overton et al. 1987) and DECORANA (Hill 1979).  Relationships
 
among biological and physical variables were measured using Pearson
 
product moment correlation and Spearman rank correlation (Statgraphics
 
1989).  Fish that were too large to swim through screens (adult
 
bridgelip and largescale suckers) were excluded from the analyses.
 
Paired t-tests were used to test differences in fish densities in
 
split pools 1 day following fish removal and squawfish introduction,
 
and 3 days after squawfish introduction without fish removed.
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Results
 
Predator avoidance in split pools
 
Juvenile and adult fish avoided habitats with squawfish whereas
 
age 0+ fish did not.  Pool la was omitted from the analysis because
 
squawfish were often found dead during the experiment, and dropping
 
water levels caused the hydraulics in the two sides of the pool to be
 
drastically different.  Although densities of fish varied between
 
pools, colonizing juvenile and adult fish consistently avoided
 
habitats with predators (Table 11).  One day following fish removal
 
and predator introduction, juveniles and adults preferentially
 
colonized the sides of the pools without squawfish, regardless of the
 
side of the pool receiving treatment (t=2.49, P=0.055, df=5; Table
 
11).  Examination of reference pools revealed that the study design
 
did not appear to affect the large-scale movements of fish in Rock
 
Creek, because fish densities and species compositions were not
 
appreciably high in the lowest reference pool.
 
Age 0+ fish were less discriminating than juvenile and adult
 
fish in their avoidance of predators (Table 11).  In pool sides with
 
squawfish, age 0+ fish densities were higher in 3 of 9  censuses
 
following squawfish introduction, although the differences were not
 
statistically different.  Overall, age 0+ fish may not avoid squawfish
 
predators as do juvenile and adult fish.
 
Although fish were still colonizing habitats from day 7 to day
 
11 (and also avoiding predators), fish also emigrated from habitats
 
containing predators.  Juvenile and adult fish densities generally
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remained the same or increased in pool sides without predators but
 
generally declined in pool sides with predators, suggesting
 
preferential colonization in pool sides without predators and
 
emigration from pool sides where predators were introduced.  In all
 
pools, densities of juvenile and adult fish were lower in pool sides
 
in which predators were introduced, although the differences were not
 
statistically different (Table 12).  Juvenile and adult fish densities
 
declined from before squawfish introduction (t = 7 days) in all of the
 
pools.  In no-predator pool sides, juvenile and adult densities
 
increased from before squawfish introduction in pools 2 and 3, and
 
decreased slightly in pool 1.
 
As with the colonization experiment, age 0+ fish did not appear
 
to preferentially colonize pool sides with regard to the presence or
 
absence of squawfish predators, nor did emigration from the predator
 
side of the pool appear to be higher than that from the control side
 
(Table 12).  Overall, age 0+ densities were higher in the predator
 
side three out of six sample periods, with one tie, although the
 
differences were not statistically different (Table 12).
 
Assemblage structure in whole pools
 
Seasonal migrations of fish strongly influenced fish density,
 
and the presence of squawfish had a large impact on fish density
 
primarily in pools with squawfish densities exceeding 0.22
 
squawfish/m3  Fish densities in reference and low density squawfish
 .
 
pools increased with time and generally peaked on day 32  or 58 (Figure
 
7).  Often the densities of fish in these pools on day 58 were at
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least two times higher than on day O.  In contrast, densities of fish
 
in pools with squawfish densities exceeding 0.22 squawfish/m 3 on day
 
58 were similar to densities on day 0 (Figure 7).  However, densities
 
in these pools also generally increased from day 0 and densities
 
generally peaked on day 19 or 32.  With the exception of pool 3 which
 
contained 0.38 squawfish/m3, total fish density on day 58 was
 
consistently lower in pools with higher predator densities.
 
Increases in fish density during the experiment were largely a
 
result of juvenile and adult fish colonizing these areas (Figure 8),
 
however age 0+ fish in pools with high squawfish densities were
 
proportionately higher than in pools with low squawfish densities.  On
 
day 58, age 0+ fish/total fish were greater than 45% of all fish in
 
pools with squawfish densities exceeding 0.22 squawfish/m3 and less
 
than 30% in pools with lower squawfish densities (Figure 9).  Redside
 
shiner, speckled dace, and juvenile suckers were the most dominant
 
colonizers in the system.
 
Prey fish diversity was inversely related to squawfish density
 
at the termination of the experiment.  Diversity (H') was negatively
 
correlated with adult squawfish density (re-0.82, P=.04) and was
 
largely due to species richness (rs=-0.76, P=.06) as opposed to
 
evenness (rs=0.11, P=.79).  The most notable elimination of species
 
was the almost total elimination of juvenile suckers (mountain sucker,
 
bridgelip sucker, and largescale sucker) in pools with predator
 
densities exceeding 0.22 squawfish/m3 (Figure 10).  After day 19,
 
juvenile sucker densities generally decreased in pools with predator
 
densities exceeding 0.22/m3.  Diversity generally peaked on day 32 or
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58 in pools with low squawfish densities and on day 4, 19, or 32 in
 
pools with high squawfish densities.
 
Assemblage structure in pools changed the most as a result of
 
recruitment through time, and secondarily as a result of predator
 
density and habitat conditions.  Most of the variation explained was
 
in axis 1 (eigenvalue for axis 1 = 0.35, and for axis 2 = 0.13).  Axis
 
1 of the DCA was primarily interpreted as time with a sub-axis of
 
predator density for sites on day 58.  Visual inspection of Figure 11
 
indicated two clusters of sites that could be distinguished by when
 
the assemblage was sampled.  On day 58, axis 1 scores were negatively
 
correlated to squawfish density (r=-0.77, P=0.0095, df=9).  Axis 2
 
scores were negatively correlated to maximum pool depth on days 0 and
 
58 (r=-0.69, P=0.0008, df=19).  Solar input was not correlated with
 
any measure of assemblage structure or abundance at any time.
 
The metal screens did not appear to affect most of the seasonal
 
migrations made by the fish during the study.  Fish densities in
 
reference pools doubled or tripled during the study, and the largest
 
increase and highest overall density were in the reference pool  (RC)
 
above all the experimental pools.  Maximum and minimum temperatures
 
(C) between the censuses were as follows: day 0 = 24, 8; day 19 = 28,
 
10; day 32 = 27, 13; and day 58 = 26.5, 12.
 
Northern squawfish were observed feeding on fish in the
 
experimental pools.  On 6 July 1990 the senior author observed 11
 
feeding strikes in 30 min.  Northern squawfish appeared to be working
 
together to catch fish.  Squawfish would herd fish into an area and
 
then strike at the prey with a burst of speed while rotating the body.
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Prey fish were seen in the mouths of squawfish after the attack.  No
 
positive feeding behavior was observed on 6 August.  At the end of the
 
experiment no squawfish were sacrificed for dietary analysis because
 
of the low probability of full intestines, as judged by feeling the
 
ventral area of the fish, and we did not want to kill them for
 
potentially little additional information.
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Discussion
 
Assemblage structure and fish density in Rock Creek is primarily
 
influenced by seasonal migrations of fish and secondarily by factors
 
such as predation, habitat complexity, and disturbance.  Assemblage
 
structure and fish density was influenced by the presence of squawfish
 
particularly when squawfish densities exceeded 0.22/m3, however
 
seasonal migrations of fish and recruitment of age 0+ fish were more
 
influential in explaining the variation observed in these variables.
 
Colonization of fish was also the primary factor influencing
 
assemblage structure and fish density in run habitats of Rock Creek
 
(Chapter 3).  In addition variations of habitat complexity in these
 
run habitats influenced which habitat fishes would colonize.  Fish
 
assemblages were very resilient in Rock Creek following summer and
 
spring floods (Chapter 2) presumably because of seasonal migrations of
 
fish during the summer.  Seasonal migrations of fish also caused fish
 
density and diversity to increase in Sagehen Creek (Decker and Erman
 
1992), and Schlosser (1982, 1987b) believes that colonization is
 
important in determining assemblage structure in small shallow pools
 
with low habitat heterogeneity.
 
Different life-history stages of fish responded to squawfish in
 
different ways presumably as a result of differential susceptibility
 
to predation.  Juvenile and adult fishes avoided habitats with
 
squawfish and were also eaten so densities were generally lower in
 
these pools.  Age 0+ fish did not avoid squawfish to the same degree
 
as juvenile and adult fish.  Age 0+ fish do not appear to be affected
 
by predators such as squawfish, except indirectly, by controlling the
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density of juvenile and adult fish that may prey on them (Harvey
 
1991a,b).  This should result in a high proportion of age 0+ fish in
 
pools with high squawfish densities.
 
Prey fish assemblages that experience high fish piscivory may be
 
characterized by a high proportion of age 0+ fish and low densities of
 
juvenile suckers.  Harvey (1991a,b) found that age 0+ fish density was
 
also higher in areas with large piscivorous bass than in areas without
 
them.  Brown and Moyle (1991) observed shifts in microhabitat by prey
 
species in the Eel River California in response to the introduction of
 
the Sacramento squawfish (Ptychocheilus arandis).  Relative to other
 
species, Sacramento sucker (Catostomus occidentalis) shifted their use
 
of habitats the most in response to Sacramento squawfish.  Schlosser
 
(1987a) observed great microhabitat shifts by the white sucker
 
(Catostomus commersoni) in response to predators, and found that out
 
of three different prey species white sucker were the most vulnerable
 
to predation.
 
Restriction of squawfish movement within pools may have
 
artificially increased their impacts on prey fish assemblage structure
 
and density.  Assemblage structure and densities in reference pools
 
were more similar to assemblage structure and densities in pools with
 
low squawfish densities than those with high squawfish densities
 
(Figure 11).  Although squawfish stocking densities were determined by
 
ranges in densities of naturally occurring populations, we do not know
 
how long squawfish remain in particular pools.  If squawfish regularly
 
move between pools to feed, impacts to prey fishes may be distributed
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across many as opposed to single pools resulting in less profound
 
impacts to assemblages in single pools.
 
Contrary to results from most studies that observed responses in
 
prey diversity resulting from experimental manipulations of predator
 
densities, squawfish densities were negatively correlated to prey fish
 
diversity.  Most studies reviewed by Hixon (1986) indicated that prey
 
diversity increased and then decreased with increasing predator
 
densities.  The mechanism responsible for these responses appears to
 
be related to predator mediated effects on competitive dominants
 
(Paine 1966, 1974).  The role of competition in structuring fish
 
assemblages in Rock Creek is unknown, however no species were
 
eliminated as densities increased during the experiment and
 
competition is generally thought to be rare in disturbed environments
 
such as Rock Creek (Connell 1978; Schlosser 1987b).  Colonization by
 
stream invertebrates swamped predator effects on diversity of these
 
organisms (Flecker 1984).  Colonization by stream fish may also swamp
 
predator effects early in the season but as fish migrations slow
 
towards the end of the season predators are able to influence prey
 
fish diversity.
 
We speculate that diversity of prey fish in streams is more
 
likely to decrease or remain neutral than to increase and then
 
decrease (hump-shape) in response to increased predation intensity.
 
All predictions of local prey diversity in response to increases in
 
predator density are negative or neutral for assemblages not
 
structured by competitive hierarchies (Hixon 1986).  Although
 
disturbance (Harrell 1978, Grossman et al. 1982, Matthews 1986, Meffe
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and Minckley 1987, Fausch and Bramblett 1991, Pearsons et al. 1992)
 
and habitat structure (Gorman and Karr 1978, Schlosser 1982, Meffe and
 
Sheldon 1990, Capone and Kushlan 1991) are thought to be important
 
factors structuring fish assemblages, the importance of competition is
 
largely unknown.  We know of no field studies that have experimentally
 
examined the role of competition in entire stream fish assemblages,
 
although competition between at least two species within a stream fish
 
assemblage seems likely (Fausch and White 1981, Baltz et al. 1982,
 
Reeves et al. 1987).  If competition is not an important factor
 
affecting assemblages of stream fish, then increased predation
 
intensity should generally result in decreased or no change in
 
diversity.
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TABLE 10.  Fish species observed in the study area of Rock Creek.
 
Each species is divided into age classes and categorized by thermal,
 
habitat, and trophic guilds (modified from Li et al. 1987).  Thermal
 
guild: S=stenotherm, M=mesotherm, and E=eurytherm.  Habitat guild:
 
B=benthic and W=water column.  Trophic guild: P=plants,
 
I=invertebrates, F=fish.
 
TL (mm)
 
Family and species  Common name
 
YOY Juvenile Adult
 
Salmonidae
 
Oncorhvnchus mvkiss  Rainbow  <90  90-300  >300
 
trout
 
Oncorhvnchus tshawvtscha  Chinook  <90  90-140  >140
 
salmon
 
Prosopium williamsoni  Mountain  <90  90-220  >220
 
whitefish
 
Cyprinidae
 
Acrocheilus alutaceus  Chiselmouth  <45  45-130  >130
 
Ptychocheilus oreaonensis  Northern  <70  70-240  >240
 
squawfish
 
Rhinichthvs cataractae  Longnose  <50  50-76  >76
 
dace
 
Rhinichthvs osculus  Speckled  <33  33-46  >46
 
dace
 
Richardsonius balteatus  Redside  <40  40-63  >63
 
shiner
 
Catostomidae
 
Catostomus columbianus  Bridgelip  <79  79-152  >152
 
sucker
 
Catostomus macrocheilus  Largescale  <50  50-170  >170
 
sucker
 
Catostomus platvrhvnchus  Mountain  <38  38-127  >127
 
sucker
 
Cottidae
 
Cottus beldinai  Paiute  <36  36-53  >53
 
sculpin
 
Cottus rhotheus  Torrent  <38  38-53  >53
 
sculpin
 
Centrarchidae
 
Micropterus dolomieui  Smallmouth  <90  90-200  >200
 
bass
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TABLE 10.  Continued.
 
Thermal  Habitat  Trophic 
guild  guild  guild 
S  W  I 
S  W  I 
S  W  I 
E  W  P 
E  W  I+F 
M  B  I 
E  B  I 
E  W  I 
M  B  P 
E  B  P 
S  B  P 
S  B  I 
S  B  I+F 
M  W  I+F 85 
TABLE 11.  Differences in fish densities colonizing sides of pools
 
with (P) and without (NP) northern squawfish.  On day 0 all fish were
 
removed from the pools and squawfish were introduced into one side of
 
the pool.  Fishes were counted 1 day prior to squawfish introduction
 
and 1 day after squawfish were introduced.
 
Pool #  NP-P densities (fish/m3 
)  Paired t-test
 
1 day beforea 1 day afterb 1 day afterc  t  P  df
 
Juveniles and Adults
 
1  -0.38  6.25  1.48
 
2  -3.73  6.99  2.78
 
3  -1.85  0.02  0.52
 
2.49  0.055  5
 
Acre 0+
 
1  8.72  7.63  8.78
 
2  -26.52  7.90  21.18
 
3  5.97  0.59  -4.47
 
1.95  0.108  5
 
a
  June 30, prior to introduction of squawfish and fish removal

b July 2,  1 day after squawfish introduction and fish removal
 
c
  July 15, 1 day after squawfish were introduced to opposite side of
 
pool as on July 1 and fish removal.
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TABLE 12.  Differences in fish densities emigrating from sides of
 
pools with (P) and without (NP) predators.  Fishes were censused prior
 
to squawfish introduction on day 0, and 1 and 4 days after squawfish
 
introduction.
 
Pool #  NP-P densities (fish/m3 
)  Paired t-test
 
day Oa  1 day afterb  4 days afterc  t  P  df
 
Juveniles and Adult
 
1  3.63  8.88  6.26 
2  6.53  11.47  22.75 
3  -3.38  3.80  1.68 
1.60  0.251  2 
Ace 0+
 
1  -1.45  0.78  -2.35
 
2  -0.96  9.77  -9.18
 
3  -0.04  -5.98  -0.72
 
-1.58  0.256  2
 
a
  July 9, the day of squawfish introduction

b July 10, 1 day after squawfish introduction
 
c
  July 12, 4 days after squawfish introduction
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Figure 6.  Schematic of the split-pool study design.
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Figure 7.  Responses of fish densities to different densities of
 
squawfish.  RA, RB, and RC are reference pools.
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Figure 8.  Responses of juvenile and adult fish densities to different
 
densities of squawfish.  RA, RB, and RC are reference pools.
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Figure 10.  Juvenile sucker densities in pools with different
 
squawfish densities on day 58.  RA, RB, and RC are reference pools.
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Figure 11.  Detrended correspondence analysis of assemblage structure
 
in pools with different squawfish densities at two different times.
 
The numbers located next to each dot are the squawfish densities  on
 
day 58.  RA, RB, RC, refer to the reference pools.  Axis 1 is
 
interpreted primarily as time, with a subaxis for day 58 scores being
 
squawfish density.  Axis 2 is interpreted as habitat condition.
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CHAPTER 5
 
Discussion
 
Large-scale migration of fish during the spring and summer was
 
the dominant feature affecting assemblage structure in Rock Creek.
 
Habitat complexity, predation, and flood timing altered the pattern of
 
migrations into different habitat types in Rock Creek.  Different
 
species of fish migrated into Rock Creek at different times and
 
spawned and/or reared there.  These migrations of fish resulted in an
 
increase in density and diversity which peaked in late summer (Figure
 
12) and will be referred to as a colonization trajectory.  Temperate
 
stenotherms (Li et al. 1987) ascended Rock Creek the earliest,
 
followed by different species of temperate mesotherms and eurytherms
 
(Li et al. 1987).  Rainbow trout migrated into the creek the earliest,
 
followed by speckled dace, largescale sucker, redside shiner,
 
bridgelip sucker, northern squawfish, and chiselmouth.  These species
 
may migrate from the mainstem John Day River or from refuge areas in
 
Rock Creek to avoid predators, competitors, or poor habitat
 
conditions, or to seek good spawning areas.  These fishes may migrate
 
in response to discharge and temperature cues (Linfield 1985,
 
Schlosser 1985).
 
Seasonal migrations of fishes and concomittant increases in
 
density and diversity have been documented for many streams.  In
 
California, whole assemblages of fish migrated from a reservoir into a
 
tributary stream with different species migrating at different times
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(Decker and Erman 1992).  Total fish density in this stream peaked in
 
mid-July and diversity in mid-August as a result of fish migrations.
 
Seasonal migrations of fish in upstream portions of warmwater
 
tributaries were also very important in explaining assemblage
 
structure in Jordan Creek, Illinois (Schlosser 1982, 1985, 1987b).  In
 
Jordan Creek, species richness increased during the spring and summer
 
and peaked at the end of the summer.  Following the summer, species
 
richness decreased until the following spring when species richness
 
began to increase again.  Linfield (1985) suggested that cyprinid
 
populations in major river systems are totally mobile and that fish
 
move in response to flow and seasonal temperature fluctuations.
 
Migrations of fish may be most prevalent in streams that have high
 
discharge variability (Bayley and Li 1993).  Ecosystem processes can
 
be influenced by the migration of whole assemblages of fish (Hall
 
1972).
 
Other studies suggest that fish movement is relatively small,
 
however methods used in some of these studies may have biased the
 
results towards this conclusion.  Gerking (1953) observed little
 
movement of stream fish in two streams in Indiana and suggested that
 
in streams with riffle-pool development, riffles are boundaries that
 
fish do not traverse.  In addition, he suggested that each pool can be
 
considered as an isolated unit containing an assemblage of fishes of
 
its own.  Other authors studying native stream fish also concluded
 
that fish movement was small (Bangham and Benington 1939; Gerking
 
1959; Hill and Grossman 1987).  Funk (1955) suggested that methods
 
used in many studies that demonstrated limited fish movement were
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biased towards this conclusion, and suggested that species can be
 
classified as sedentary, mobile, or semi-mobile in Missouri streams.
 
In addition, within each species there is a sedentary and mobile
 
component of the population (Funk 1955).
 
Defaunation studies of stream fish indicate that colonization is
 
rapid and fish select areas to colonize nonrandomly.  A recent review
 
of recovery of aquatic systems from disturbance indicates that aquatic
 
systems are generally quite resilient (Niemi et al. 1990).  Assemblage
 
structure and density of fish in warmwater stream reaches returned to
 
near pre-defaunation levels after less than 2 weeks (Peterson and
 
Bayley 1993).  In addition, fish assemblage structure and density in
 
southeastern blackwater streams returned to pre-defaunation levels
 
nearly one year after experimental defaunation (Meffe and Sheldon
 
1990).  Assemblage composition in experimentally defaunated sites was
 
highly predictable from habitat structure (Meffe and Sheldon 1990).
 
In streams where fish vacate habitats during predictable harsh
 
physical conditions or are eliminated by unpredictable disturbances,
 
biotic and abiotic factors effecting colonization may largely explain
 
variation in assemblage structure within a stream.
 
A suite of models are presented that utilize a colonization
 
trajectory (Figure 12) as a template.  These models are presented as a
 
means to predict temporal and spatial variation in stream fish density
 
and diversity.  Habitat complexity, predator density, and disturbance
 
timing alter the slope and amplitude of the colonization trajectory.
 
In the absence of large predators, differences in habitat
 
complexity affected the colonization trajectory of migrating fish in
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Rock Creek (Figure 13).  Assemblage structure in complex and simple
 
habitats became divergent over time as migrating fish preferentially
 
colonized complex habitats.  The pattern of increasing diversity and
 
density with time was similar between the habitat types and habitat
 
complexity simply affected the slope and amplitude of the curves
 
(Figure 13).  Habitat complexity is believed to be an important factor
 
influencing fish assemblages in both temperate and tropical streams
 
(Gorman and Karr 1978; Schlosser 1982; Angermeier and Schlosser 1989).
 
Predators also affected the colonization trajectory of migrating
 
fish in pools (Figure 14).  As fish migrated, they generally avoided
 
pools with predators although some fish presumably balanced the risk
 
of predation with potentially increased resource availability
 
resulting from low competitor densities (Werner et al. 1983, Schlosser
 
1987b).  Fish density and diversity increased through the summer in
 
pools with low squawfish densities.  Fish density and diversity also
 
initially increased in pools containing high squawfish densities but
 
the slope and amplitude was not as great as in pools with low
 
squawfish densities.  Initial increases in fish densities and
 
diversities in pools with high densities of squawfish may be a result
 
of predator swamping (Flecker 1984).  Squawfish may not be able to
 
control prey fish during this time because it corresponds to the
 
greatest magnitude of fish colonization.  When the rate of fish
 
colonization decreases, predator impact increases, resulting in
 
decreased densities and diversities.
 
The presence of piscivorous fishes may alter local assemblage
 
structure by two mechanisms: direct consumption of prey fish by
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predators, and prey fish avoidance of predators.  Many studies have
 
demonstrated the ability of prey fish to avoid predators (Fraser et
 
al. 1987; Matthews et al. 1987; Schlosser 1987a; Schlosser 1988; Brown
 
and Moyle 1991).  Certain species of fish may avoid predators more
 
than others because of their higher susceptibility to being consumed
 
by predators (Schlosser 1987a; Brown and Moyle 1991).  The biomass of
 
nonpiscivorous fish was lower in sites with piscivores than without
 
them in southern Ontario streams presumably because of predation
 
(Bowlby and Roff 1986).
 
Floods had a negative effect on fish density and diversity in
 
Rock Creek but spring floods had less impacts on the colonization
 
trajectory than summer floods because density and diversity before
 
floods was lower in the spring than during the summer (Figure 15).
 
Densities and diversities of fishes were lowest in early spring
 
presumably because harsh physical conditions during the winter and
 
early spring cause high mortalities (Schlosser 1987b) or fish emigrate
 
with falling water temperatures during the fall.  Regardless of the
 
mechanism, floods have the least affect on the colonization trajectory
 
during the spring because densities and diversities in Rock Creek are
 
low.  Late summer floods have the largest affect on the colonization
 
trajectory because the density and diversity has peaked and the
 
migration rate of fishes has slowed.
 
Floods that occur at different times have been shown to have
 
differential impacts on fish populations (Seegrist and Gard 1972; Gard
 
and Flittner 1974; Strange et al. 1992).  Age 0+ fish are particularly
 
susceptible to floods (Harvey 1987) and floods that occur at times
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when these fishes are present can result in low recruitment.
 
Furthermore, different species of fish spawn at different times and
 
therefore their progeny are more vulnerable to floods at different
 
times.  For example, progeny of winter spawning brown and brook trout
 
are more susceptible to winter floods than progeny of spring spawning
 
rainbow trout (Seegrist and Gard 1972).
 
Application of my models to fish assemblages in other streams
 
should be qualified by the environmental conditions in which fish live
 
and potential for fish passage in the stream of interest.  For
 
instance, colonization trajectories may have less influence in areas
 
far from colonization sources, above barriers to migration, in
 
isolated pools (Capone and Kushlan 1991) or in cold water areas where
 
warm water fish do not colonize.  The farther the area from
 
colonization sources the longer the colonization trajectory will be
 
delayed due to lag time for fish to migrate (Figure 16).  This should
 
also truncate the trajectory so that only fish that migrate early such
 
as rainbow trout colonize these areas.  Areas that are not influenced
 
by seasonal migrations of fish might be viewed as relatively closed
 
systems (Gerking 1950, 1953, 1959).
 
Influences of warm water fish migrations into tributary streams
 
have probably increased from historic levels because stream
 
temperatures have increased and refugia have decreased.  Stream
 
temperatures have increased in many streams from the removal of
 
riparian vegetation.  Removal of riparian vegetation by grazing or
 
forestry activities can increase stream temperatures in the spring and
 
summer (Barton et al. 1985, Platte and Nelson 1989; Li et al. 1994).
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As water temperatures rise in the spring and summer, warm water fish
 
migrate from mainstem source areas into tributary streams.
 
Furthermore, reduction of stream refugia by channel simplification
 
probably decreases the number of fish that can survive over the winter
 
and spring in tributary streams (Schlosser 1987b).  Consequently,
 
resident fish constitute a very small proportion of the fish
 
assemblage during the summer.
 
If predictions of my model are correct, then sampling designs
 
related to monitoring fishes should be reevaluated, and fishes should
 
be managed at large spatial scales.  This model predicts that density
 
and diversity of fishes increases through the summer as a result of
 
seasonal migrations of fish.  Annual surveys of fishes in streams may
 
result in wide variation in density and diversity (Grossman et al.
 
1982) if surveys do not correspond to the times of fish migration
 
(Decker and Erman 1992).  For example, sampling of fishes in June of
 
one year and August in another year will yield drastically different
 
results.  Furthermore, variation in density and diversity between
 
sampling dates may not indicate fluctuations in assemblage structure
 
at a large scale, but simply a difference in the distribution of the
 
assemblage.  A solution to sampling problems associated with seasonal
 
migration of fishes is to sample an area that incorporates the home
 
range of the majority of the species.  Although this method is a good
 
way to avoid the sampling problems associated with the seasonal
 
migration of fishes, and thus allow for better understanding of
 
variation in fish assemblages, it can be very laborious.  Although not
 
as effective, an alternative solution can be used.
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Fish assemblages could be sampled in tributaries at times of
 
similar environmental conditions.  If environmental conditions that
 
affect fish migration, such as discharge and temperature are known
 
(Schlosser 1985), then sampling could be conducted during similar
 
environmental conditions.  Although calendar dates may be correlated
 
to discharge and temperature, annual variation in these variables is
 
large and may lead to added variation in assemblage structure because
 
of the timing of fish migrations.  I recommend that the time of
 
sampling be based on environmental conditions as opposed to calendar
 
date.
 
Seasonal use of different types of habitat, located in different
 
parts of a stream drainage, by fishes necessitates the management of
 
large areas of free flowing stream.  Fishes may use deep, complex
 
habitats as refuges, which may be most abundant in downstream areas,
 
during the winter and other highly productive habitats in upstream
 
areas during spawning and summer rearing (Schlosser 1987b; 1991).
 
Degradation of either habitat type or limited access (barriers to
 
migration) to habitats may have a pronounced effect on fish
 
assemblages.  Unfortunately, stream basins are frequently managed by a
 
plethora of government and tribal agencies and private landowners
 
which have different objectives.  Management plans that include the
 
cooperation of all the users of the environment and which view the
 
stream environment as a series of interconnected habitats that are
 
important to fishes during different times of the year will be most
 
successful.
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My model has a number of shortfalls including - predictions are
 
limited to assemblages during the spring and summer in tributary
 
streams (limited scale), model does not include competition, model
 
does not completely integrate the relative importance of disturbance,
 
habitat complexity, and predation.  This model predicts fish density
 
and diversity during the late spring and summer, although the model
 
assumes that density and diversity in tributaries decreases after the
 
summer (Schlosser 1987b; Decker and Erman 1992).  Biotic factors are
 
believed to be relatively unimportant in high desert streams during
 
the fall and winter because low temperatures reduces fish activities
 
and fish densities are assumed to be low.
 
Although competition is believed to be important in structuring
 
many communities (Schoener 1983), it may not be important in
 
structuring high desert fish assemblages and was not modeled.  The
 
transience of high desert fish assemblages resulting from seasonal
 
migrations and frequent disturbances reduces the likelihood of intense
 
competition.  However, as densities increase throughout the summer,
 
competition may become important for short periods of time (Wiens
 
1977).  However, no species was completely eliminated as fish
 
densities increased.  Competition didn't appear to be important in
 
organizing a fish assemblage in Camp Creek, another John Day River
 
tributary (Pearsons, unpublished data).  Competition has been
 
demonstrated among a subset (usually two) of species within an
 
assemblage (Baltz et al. 1982, Reeves et al. 1987) but no study has
 
demonstrated the importance of competition for a whole assemblage.
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The relative importance of habitat complexity, predation, and
 
disturbance was not completely integrated into the model.  Relative
 
importances of all these factors could not be determined by the
 
studies that were conducted.  Disturbance and seasonal migrations of
 
fish were larger scale phenomenons than habitat complexity and
 
predator manipulations.  Furthermore, the interaction of disturbance
 
and habitat complexity was assessed at the stream reach scale whereas
 
the habitat complexity and predator manipulations were conducted at
 
the channel unit scale.  Abiotic factors are believed to be more
 
important than biotic factors at large spatial scales (Moyle and Li
 
1979).  In addition, habitat complexity manipulations were performed
 
in runs and predator manipulations in pools, so results could not be
 
directly compared.  A factorial experiment (Mead 1988), might have led
 
to the description of relative importance of influential factors, but
 
this design may not have been biologically relevant at the channel
 
unit scale.  For instance, large predators such as northern squawfish
 
generally do not inhabit shallow water habitats such as riffles or
 
runs.  Experiments in which habitat complexity and squawfish density
 
are manipulated in runs would not be ecologically relevant.
 
However, the relative importance of habitat structure,
 
predation, and seasonal migration of fish could be assessed within
 
runs and pools.  Habitat structure, predation, and seasonal migrations
 
of fish were important in organizing assemblages in both runs and
 
pools, but their relative importance was different in the two habitat
 
types.  In runs, seasonal migration of fishes influenced assemblage
 
structure the most, followed by habitat complexity, and predation on
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age 0+ fish by juvenile and adult fish.  In pools, seasonal migration
 
of fishes also influenced assemblage structure the most, but predation
 
by squawfish was the next most important factor, followed by habitat
 
structure (maximum pool depth).
 
Although it is important to describe the limitations of my
 
model, it is also important to discuss the difficulties in conducting
 
the kind of work necessary to develop models such as mine.  It is
 
extremely difficult to conduct controlled field experiments in moving
 
water environments that fluctuate widely and often unpredictably.
 
Enclosures or exclosures are frequently used by experimentalists to
 
manipulate competitor or predator densities.  However, because many
 
streams fluctuate widely in discharge, enclosures may only be used for
 
short periods of time such as during low flow conditions of the
 
summer.  Unless heroic measures are taken, enclosures will often be
 
destroyed during high flow events or times of high debris loading.
 
Thus, experiments are often limited in duration.  Furthermore, as
 
discussed previously fish are highly mobile organisms.  Enclosing fish
 
in small areas such as in pools may produce results that are difficult
 
to interpret in relation to natural environments, somewhat analogous
 
to results from laboratory experiments.  Enclosing fish in areas that
 
incorporate the home range reduces difficulties with interpretation of
 
results, but manipulations at such a large scale may be ethically
 
irresponsible, logistically problematic, and replication of the
 
experiment extremely difficult.  Even at small scales, replication of
 
experiments is challenging.  Most streams are very distinct and fish
 
assemblage structure reflect the differences in stream environments.
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Thus, these differences contribute to the problem of trying to find
 
replicate streams.  Similar assemblages and habitat types are found
 
within stream reaches but assemblage structure and habitat
 
characteristics change with elevation (Horwitz 1978; Li et al. 1987).
 
In addition, treatments located upstream may directly influence
 
treatments located downstream.  Therefore, replicates may not be
 
independent.
 
Finally, the number of experimental designs that have proven to
 
be successful are few because few experimental studies have been
 
performed in stream environments with whole fish assemblages.  In most
 
cases experimentalists must determine appropriate methods by trial and
 
error.  Despite the many obstacles that must be overcome to design
 
field experiments in streams with fish, I believe that experiments  can
 
contribute significantly to the understanding of fish assemblage
 
organization.  However, conducting multi-factorial experiments in
 
streams to determine the relative importance of factors, such as
 
predation and competition, may be unlikely.  This would make direct
 
testing of community organization models such as the Menge and
 
Sutherland (1987) model very difficult.
 
Despite the problems with my model, no other has considered
 
density and diversity of fishes in high desert streams or has been
 
based on as much direct field experimental data.  However, Schlosser
 
(1987b) developed a model for fish assemblages occupying small
 
warmwater streams in the mid-western United States.
 
Many predictions of Schlosser's (1987b) model are similar to
 
mine, however there are also a number of important differences which
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may be related to differences in species and ecological differences in
 
stream types.  Schlosser identified habitat complexity and pool depth
 
as the template upon which other biotic and abiotic factors would
 
interact to affect assemblage structure.  Harsh winter conditions were
 
presumed to reduce fish densities in simple habitats because they
 
lacked refugia, whereas in complex habitats refuges were abundant and
 
fish abundances were stable.  Schlosser (1987b) predicted that fish
 
density and species richness would be higher, recolonization and
 
recruitment less critical, and interactions between size classes
 
increasingly important in complex deep habitats than in shallow simple
 
ones.  In addition, age 0-1 cyprinids dominated simple shallow reaches
 
and centrarchids and catostomids dominated in pools and cyprinids and
 
percids in shallow areas of complex stream reaches.
 
Predictions of fish density and species richness are similar
 
between the two models, but mechanisms responsible for these
 
differences differ.  In Rock Creek, species richness and density of
 
fishes were higher in manipulated complex habitats than simple ones
 
but seasonal migration of fishes was generally more influential in
 
explaining the variation observed.  Pool depth also influenced
 
assemblage structure, but seasonal migrations of fish and predator
 
density was more influential.  Habitat complexity mediated effects of
 
disturbance on diversity and density of fishes.
 
In contrast to species present in Jordan Creek, young cyprinids
 
and catostomids dominated simple habitats and older cyprinids and
 
catostomids dominated complex habitats.  Percids and centrarchids are
 
not native to Rock Creek.
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The most obvious difference between Schlosser's (1987b) and my
 
model is that Schlosser's model template is habitat complexity whereas
 
mine is a factor of seasonal migration (colonization trajectory).
 
Habitat complexity or structure was an important factor mediating
 
disturbance, recolonization, and assemblage structure in pools with
 
predators, but seasonal migrations of fishes was generally more
 
important (chapters 2,3,4).  Perhaps the seasonal variability in
 
habitat conditions is greater in high desert streams than in warmwater
 
stream such as Jordan Creek in Illinois resulting in greater
 
importance of seasonal migrations.
 
The suite of models that I developed for high desert fish
 
assemblages in streams may also apply to other animal assemblages that
 
migrate.  Although stream fish assemblages may be viewed as open
 
systems with highly mobile individuals relative to other animal and
 
plant assemblages (Schoener 1987) many other animal taxa migrate too.
 
Many species of tropical and temperate birds, insects, marine fish,
 
and large mammals are known to migrate (Reviewed by Baker 1978).
 
Factors such as habitat complexity and the presence of predators may
 
influence the number and type of individuals colonizing habitats in
 
similar ways to stream fishes.
 
In conclusion, seasonal migrations of fish can be viewed as the
 
dominant factor affecting assemblage structure in high desert
 
warmwater streams close to colonization sources and without barriers
 
to fish migration.  Factors such as disturbance, habitat complexity,
 
and predation can influence colonization trajectories in stream
 
habitats.  Although seasonal migrations of fish are important to
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assemblage structure presently, the importance of these migrations has
 
probably increased since humans have affected the stream environment.
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Figure 12.  Colonization trajectory of fishes during the spring and
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Figure 14.  Influence of predation on colonization trajectories.
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Figure 15.  Influence of spring and summer floods on colonization
 
trajectories.
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 APPENDIX 125 
The relative differences between complex and simple reaches
 
increased as discharge increased in Rock Creek.  Small differences in
 
retention at low discharges were quite large at high discharges.
 
Three stream reaches (RC1, RC2, and RC4) in Rock Creek were measured
 
at two discharges.  When retention was standardized for stream length
 
(travel time/m) the one relatively complex reach (RC1) increased
 
substantially at a higher discharge, but the two simple reaches only
 
increased slightly (Figure A).  Classification of reaches as
 
relatively complex or simple, based on retention times, was also
 
corroborated by visual assessment of protective substrate (Table 2).
 
Increases in retention times were hypothesized to be as great or
 
greater in stream reaches that had retention times greater than or
 
equal to RC1 (measured during 1989).
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Figure A.  Ninety-five percent travel times at different discharges in
 
stream reaches of Rock Creek.  Three sites were measured during two
 
years at two discharges.  Solid lines represent actual relationships
 
between discharge and retention in three stream reaches.  Dotted lines
 
represent hypothetical relationships between complex stream reaches at
 
different discharges.
 